
RFID TAGWITH A MODIFIED DIPOLE ANTENNA TECHNICAL FIELD
[0001] This disclosure relates to radio frequency
identification (RFID) systems for article management
and, more specifically, to RFID tags. BACKGROUND
[0002] Radio-Frequency Identification (RFID)
technology has become widely used in virtually every
industry, including transportation, manufacturing,
waste management, postal tracking, airline baggage
reconciliation, and highway toll management. RFID
systems are often used to prevent unauthorized removal
of articles from a protected area, such as a library
or retail store. [0003] An RFID system often includes
an interrogation zone or corridor located near the
exit of a protected area for detection of RFID tags
attached to the articles to be protected. Each tag
usually includes information that uniquely identifies
the article to which it is affixed. The article may be
a book, a manufactured item, a vehicle, an animal or
individual, or virtually any other tangible article.
Additional data as required by the particular
application may also be provided for the article.
[0004] To detect a tag, the RF reader outputs RF
signals through an antenna to create an
electromagnetic field within the interrogation
corridor. The field activates tags within the
corridor. In turn, the tags produce a characteristic
response. In particular, once activated, the tags
communicate using a pre-defined protocol, allowing the
RFID reader to receive the identifying information
from one or more tags in the corridor. If the
communication indicates that removal of an article has
not been authorized, the RFID system initiates some
appropriate security action, such as sounding an
audible alarm, locking an exit gate or the like.
SUMMARY [0005] In general, the disclosure describes an
RFID tag designed such that the tag is both covert and
not easily blocked from the interrogation signal by
the hand or other body part of a person. In
particular, the RFID tag is designed to have a long,
narrow aspect thatallows placement of the tag in
locations on or in a book that are inconspicuous to
the casual observer while extending beyond a hand of a
person holding the book by the spine 



on or near a geometry centerline. In accordance with
the techniques of this disclosure the UHF RFID tag may
be less than about 10 mm (approximately 0.4 inches)
wide and greater than about 100 mm (approximately 4
inches) long. More preferably, a UHF RFID tag designed
in accordance with this disclosure would have a width
of less than about 7 mm (approximately 0.3 inches) and
a length between about 125 mm and 140 mm
(approximately 5 to 5.5 inches), and even more
preferably between about 130 mm and 135 mm. In this
manner, the width of the UHF RFID tags described
herein allows the tags to be placed in locations that
make the tag inconspicuous to the casual observer,
e.g., in the gutter or spine of a book, while the
length of the UHF RFID tags allows the tags to be
interrogated even when partially covered by the hand
of a person. [0006] In one embodiment, a dipole
antenna for a radio frequency identification (RFID)
tag includes a straight dipole segment formed from a
first electrically conductive trace and a loop segment
formed from a second electrically conductive trace and
electrically coupled to the straight dipole segment. A
width of the dipole antenna is less than or equal to
four times a width of a smaller one of the first and
second conductive traces. [0007] In another
embodiment, a radio frequency identification (RFID)
tag comprises a modified dipole antenna and an
integrated circuit electrically coupled to the
modified dipole antenna. The modified dipole antenna
includes a straight dipole segment formed from a first
electrically conductive trace and a loop segment
formed from a second electrically conductive trace and
electrically coupled to the straight segment. A width
of the modified dipole antenna is less than
approximately 6 millimeters (mm) and a length of the
modified dipole antenna is greater than approximately
100 mm; and [0008] The details of one or more
embodiments are set forth in the accompanying drawings
and the description below. Other features, objects,
and advantages of the embodiments will be apparent
from the description and drawings, and from the
claims. BRIEF DESCRIPTION OF DRAWINGS [0009] FIG. 1 is
a block diagram illustrating a radio frequency
identification (RFID) system for managing a plurality
of articles.[0010] FIGS. 2A and 2B are schematic
diagrams illustrating an RFID tag attached to an
article. 



[0011] FIGS. 3A and 3B are schematic diagrams
illustrating an RFID tag attached to an article.
[0012] FIG. 4 is a schematic diagram illustrating an
exemplary RFID tag with a modified dipole antenna.
[0013] FIG. 5 is a schematic diagram illustrating
another exemplary RFID tag with a modified dipole
antenna. [0014] FIG. 6 is a schematic diagram
illustrating another exemplary RFID tag with a
modified dipole antenna. [0015] FIG. 7A is a schematic
diagram illustrating another exemplary RFID tag with a
modified dipole antenna that includes an example
folded dipole segment. [0016] FIG. 7B is a schematic
diagram illustrating another exemplary RFID tag with a
modified dipole antenna that includes another example
folded dipole segment. [0017] FIG. 8 is a schematic
diagram illustrating another exemplary RFID tag with a
modified dipole antenna. [0018] FIG. 9 is a graph
illustrating exemplary RFID signal strength for an
RFID tag designed in accordance with the techniques of
this disclosure. [0019] FIG. 10 is another graph
illustrating another exemplary RFID signal strength
for an RFID tag designed in accordance with the
techniques of this disclosure. [0020] FIG. 11 is a
graph illustrating exemplary RFID signal strength for
an RFID tag designed in accordance with the techniques
of this disclosure. [0021] FIG. 12 is another graph
illustrating another exemplary RFID signal strength
for an RFID tag designed in accordance with the
techniques of this disclosure. [0022] FIG. 13 is a
graph illustrating a comparison of signal strengths
experimentally measured for an RFID tag with a
conventional dipole antenna as well as two RFID tags
having modified dipole antennas designed in accordance
with the techniques of this disclosure. [0023] FIGS.
14A and 14B illustrate exemplary impedance changes as
a function of varying antenna lengths. [0024] FIGS.
15A and 15B are graphs of exemplary impedance changes
as a function of 



varying length of a loop segment.[0025] FIGS. 16A and
16B are graphs of exemplary impedance changes as a
function of loop width. [0026] FIGS. 17A and 17B are
graphs of exemplary impedance changes as a function of
an offset of the loop from a geometric centerline of
the straight segment of the modified dipole antenna.
[0027] FIG. 18 illustrates the radiation pattern as a
function of an offset of the loop. [0028] FIGS. 19A
and 19B are Smith Charts that illustrate total
impedance of a conventional dipole antenna and an
antenna designed in accordance with the techniques of
this disclosure. DETAILED DESCRIPTION [0029] RFID
systems configured to operate in an ultra high
frequency (UHF) band of the RF spectrum, e.g., between
300 MHz and 3 GHz, may provide several advantages
including, increased read range and speed, lower tag
cost, smaller tag sizes and the like. However, signals
in the UHF band may be subject to attenuation from
objects located between the interrogation device and
the RFID tag. In particular, the attenuation from
objects located between the interrogation device and
the RFID tag may result in a decreased signal strength
that is not sufficient for interrogation. For example,
a person's hand or other body part may block the
interrogation signal so that it does not reach the
RFID tag or reaches the RFID tag with insufficient
strength. [0030] Conventional UHF RFID tag designs
typically fall into one of two categories; covert tags
that are small tags that are difficult if not
impossible to locate by simple inspection and larger
tags that are easily located. Conventional covert tags
are typically less than approximately 100 mm (about 4
inches) long and at least approximately 13 mm (about
1/2 inch) wide. Such dimensions make conventional UHF
RFID tags particularly susceptible to blockage, e.g.,
by a person's hand. For a tag placed in a gutter (area
near the spine where one edge of each page is bound
into the binding of a book) or spine of a book, one
hand over the spine of the book can block the tag such
that it may not be interrogated. Therefore, a person
may inadvertently, or purposefully, cover the RFID tag
with their hand to block the interrogation signal from
being received, thus allowing for 



unauthorized removal of the article from a protected
area. Larger conventional RFID tags, on the other
hand, are not easily blocked from the interrogation
signal. However, thelarger RFID tags are placed in or
on the book in locations that are easy to locate.
Thus, the larger conventional RFID tags are
susceptible to physical removal from the article to
which it is attached. [0031] An RFID tag designed in
accordance with the techniques described herein
includes a modified dipole antenna formed from a
dipole antenna segment coupled to a conductive loop
segment. As described in detail below, the conductive
loop segment of the modified dipole antenna provides
the antenna with larger signal strength than
conventional dipole antennas. Moreover, the conductive
loop segment also provides improved impedance matching
capabilities to allow the modified dipole antenna to
match the impedance of an integrated circuit (IC) chip
of the RFID tag. [0032] The RFID tag and the modified
dipole antenna designed in accordance with the
techniques described herein provides a tag that is
both covert and not easily blocked from the
interrogation signal by the hand or other body part of
a person. In particular, the RFID tag has a long,
narrow aspect that allows placement of the tag in
locations on or in a book that are inconspicuous to
the casual observer while extending beyond a hand of a
person holding the book by the spine on or near a
geometry centerline. In accordance with the techniques
of this disclosure the UHF RFID tag may be less than
about 10 mm (approximately 0.4 inches) wide and
greater than about 100 mm (approximately 4 inches)
long. More preferably, a UHF RFID tag designed in
accordance with this disclosure would have a width of
less than about 7 mm (approximately 0.3 inches), and
even more preferably less than about 4 mm
(approximately 0.15 inches). The length of the UHF
RFID tag is more preferably between about 125 mm and
140 mm (approximately 5 to 5.5 inches), and even more
preferably between about 130 mm and 135 mm. In this
manner, the width of the UHF RFID tags described
herein allows the tags to be placed in locations that
make the tag inconspicuous to the casual observer,
e.g., in the gutter or spine of a book, while the
length of the UHF RFID tags allows the tags to be
interrogated even when partially covered by the hand
of a person. [0033] FIG. 1 is a block diagram
illustrating a radio frequency identification (RFID) 



system 2 for managing a plurality of articles. In the
example illustrated in FIG. 1, RFID system 2 manages a
plurality of articles within a protected area 4. For
purposes of the present description, the protected
area will be assumed to be a library and the articles
will be assumed to be books or other articles to be
checked out. Although the system will bedescribed with
respect to detecting checked-in RFID tags to prevent
the unauthorized removal of articles from a facility,
it shall be understood that the techniques of this
disclosure are not limited in this respect. For
example, RFID system 2 could also be used to determine
other kinds of status or type information without
departing from the scope of this disclosure. Moreover,
the techniques described herein are not dependent upon
the particular application in which RFID system 2 is
used. RFID system 2 may be used to manage articles
within a number of other types of protected
environments. RFID system 2 may, for example, be used
to prevent unauthorized removal of articles from, or
to simply track articles within, a corporation, a law
firm, a government agency, a hospital, a bank, a
retail store or other facility. [0034] Each of the
articles within protected area 4, such as book 6, may
include an RFID tag (not shown in FIG. 1) attached to
the respective article. The RFID tags may be attached
to the articles with a pressure sensitive adhesive,
tape or any other suitable means of attachment. The
placement of RFID tags on the respective articles
enables RFID system 2 to associate a description of
the article with the respective RFID tag via radio
frequency (RF) signals. For example, the placement of
the RFID tags on the articles enables one or more
interrogation devices of RFID system 2 to associate a
description or other information related to the
article. In the example of FIG. 1, the interrogation
devices of RFID system 2 include a handheld RFID
reader 8, a desktop reader 10, a shelf reader 12 and
an exit control system 14. Handheld RFID reader 8,
desktop reader 10, shelf reader 12 and exit control
system 14 (collectively referred to herein as "the
interrogation devices") may interrogate one or more of
the RFID tags attached to the articles by generating
and transmitting RF interrogation signals to the
respective tags via an antenna. [0035] An RFID tag
receives the interrogation signal from one of the
interrogation devices via an antenna disposed within
or otherwise coupled to the RFID tag. If a field
strength of the interrogation signal exceeds a read
threshold, the RFID tag is energized and responds 



by radiating an RF response signal. That is, the
antenna of the RFID tag enables the tag to absorb
energy sufficient to power an IC chip coupled to the
antenna. Typically, in response to one or more
commands contained in the interrogation signal, the IC
chip drives the antenna of the RFID tag to output the
response signal to be detected by the respective
interrogation device. The response signal may include
information about the RFID tag and its associated
article. In this manner, interrogation devices
interrogate theRFID tags to obtain information
associated with the articles, such as a description of
the articles, a status of the articles, a location of
the articles, or the like. [0036] Desktop reader 10
may, for example, couple to a computing device 18 for
interrogating articles to collect circulation
information. A user (e.g., a librarian) may place an
article, e.g., book 6, on or near desktop reader 10 to
check-out book 6 to a customer or to check-in book 6
from a customer. Desktop reader 10 interrogates the
RFID tag of book 6 and provides the information
received in the response signal from the RFID tag of
book 6 to computing device 18. The information may,
for example, include an identification of book 6
(e.g., title, author, or book ID number), a date on
which book 6 was checked-in or checked-out, and a name
of the customer to whom the book was checked-out. In
some cases, the customer may have an RFID tag (e.g.,
badge or card) associated with the customer that is
scanned in conjunction with, prior to or subsequent to
the articles which the customer is checking out.
[0037] As another example, the librarian may use
handheld reader 8 to interrogate articles at remote
locations within the library, e.g., on the shelves, to
obtain location information associated with the
articles. In particular, the librarian may walk around
the library and interrogate the books on the shelves
with handheld reader 8 to determine what books are on
the shelves. The shelves may also include an RFID tag
that may be interrogated to indicate which shelves
particular books are on. In some cases, handheld
reader 8 may also be used to collect circulation
information. In other words, the librarian may use
handheld reader 8 to check-in and check-out books to
customers. [0038] Shelf reader 12 may also interrogate
the books located on the shelves to generate location
information. In particular, shelf reader 12 may
include antennas along the bottom of the shelf or on
the sides of the shelf that interrogate the books on
the shelves of shelf 



reader 12 to determine the identity of the books
located on the shelves. The interrogation of books on
shelf reader 12 may, for example, be performed on a
weekly, daily or hourly basis. [0039] The
interrogation devices may interface with an article
management system 16 to communicate the information
collected by the interrogations to article management
system 16. In this manner, article management system
16 functions as a centralized database of information
for each article in the facility. The interrogation
devices may interface with article management system
16 via one or more of a wired interface, a wireless
interface, orover one or more wired or wireless
networks. As an example, computing device 18 and/or
shelf reader 12 may interface with article management
system 16 via a wired or wireless network (e.g., a
local area network (LAN)). As another example,
handheld reader 8 may interface with article
management system 16 via a wired interface, e.g., a
USB cable, or via a wireless interface, such as an
infrared (IR) interface or Bluetooth(tm) interface.
[0040] Article management system 14 may also be
networked or otherwise coupled to one or more
computing devices at various locations to provide
users, such as the librarian or customers, the ability
to access data relative to the articles. For example,
the users may request the location and status of a
particular article, such as a book. Article management
system 14 may retrieve the article information from a
database, and report to the user the last location at
which the article was located or the status
information as to whether the article has been
checked-out. In this manner, RFID system 2 may be used
for purpose of collection cataloging and circulating
information for the articles in protected area 4.
[0041] In some embodiments, an interrogation device,
such as exit control system 14, may not interrogate
the RFID tags to collect information, but instead to
detect unauthorized removal of the articles from
protected area 4. Exit control system 14 may include
lattices 19A and 19B (collectively, "lattices 19")
which define an interrogation zone or corridor located
near an exit of protected area 4. Lattices 19 include
one or more antennas for interrogating the RFID tags
as they pass through the corridor to determine whether
removal of the article to which the RFID tag is
attached is authorized. If removal of the article is
not authorized, e.g., the book was not checked-out
properly, exit control system 14 initiates an
appropriate security action, such as sounding an
audible alarm, locking an 



exit gate or the like. [0042] RFID system 2 may be
configured to operate in an ultra high frequency (UHF)
band of the RF spectrum, e.g., between 300 MHz and 3
GHz. In one exemplary embodiment, RFID system 2 may be
configured to operate in the UHF band from
approximately 902 MHz to 928 MHz. RFID system 2 may,
however, be configured to operate within other
portions of the UHF band, such as around 868 MHz
(i.e., the European UHF band) or 955 MHz (i.e., the
Japanese UHF band). Operation within the UHF band of
the RF spectrum may provide several advantages
including, increased read range and speed, lower tag
cost, smaller tag sizes and the like. However, signals
in the UHF band may be subject to attenuation from
objects located between the interrogationdevice and
the RFID tag. In particular, the attenuation from
objects located between the interrogation device and
the RFID tag may result in a decreased signal strength
that is not sufficient for interrogation. For example,
a person's hand or other body part may block the
interrogation signal so that it does not reach the
RFID tag or reaches the RFID tag with insufficient
strength. [0043] Conventional UHF RFID tag designs
typically fall into one of two categories; covert tags
that are small tags that are difficult if not
impossible to locate by simple inspection and larger
tags that are easily located. Conventional covert tags
are typically less than approximately 100 mm (about 4
inches) long and at least approximately 13 mm (about
1/2 inch) wide. Such dimensions make conventional UHF
RFID tags particularly susceptible to blockage, e.g.,
by a person's hand. For a tag placed in a gutter (area
near the spine where one edge of each page is bound
into the binding of a book) or spine of a book, one
hand over the spine of the book can block the tag such
that it may not be interrogated. Therefore, a person
may inadvertently, or purposefully, cover the RFID tag
with their hand to block the interrogation signal from
being received, thus allowing for unauthorized removal
of the article from protected area 4. Larger
conventional RFID tags, on the other hand, are not
easily blocked from the interrogation signal. However,
the larger RFID tags are placed in or on the book in
locations that are easy to locate. Thus, the larger
conventional RFID tags are susceptible to physical
removal from the article to which it is attached. 



[0044] An RFID tag designed in accordance with the
techniques described herein provides a tag that is
both covert and not easily blocked from the
interrogation signal by the hand or other body part of
a person. In particular, the RFID tag has a long,
narrow aspect that allows placement of the tag in
locations on or in a book that are inconspicuous to
the casual observer while extending beyond a hand of a
person holding the book by the spine on or near a
geometry centerline. In accordance with the techniques
of this disclosure the UHF RFID tag may be less than
about 10 mm (approximately 0.4 inches) wide and
greater than about 100 mm (approximately 4 inches)
long. More preferably, a UHF RFID tag designed in
accordance with this disclosure would have a width of
less than about 7 mm (approximately 0.3 inches), and
even more preferably less than about 4 mm
(approximately 0.15 inches). The length of the UHF
RFID tag is more preferably between about 125 mm and
140 mm (approximately 5 to 5.5 inches), and even more
preferablybetween about 130 mm and 135 mm. In this
manner, the width of the UHF RFID tags described
herein allows the tags to be placed in locations that
make the tag inconspicuous to the casual observer,
e.g., in the gutter or spine of a book, while the
length of the UHF RFID tags allows the tags to be
interrogated even when partially covered by the hand
of a person. [0045] FIGS. 2A and 2B are schematic
diagrams illustrating an RFID tag 20 attached to an
article. In the example of FIGS. 2A and 2B, the
article is a book 6. Book 6 includes a cover 22, a
spine 24 and a plurality of pages 26. Cover 22 may be
a hard cover or a soft cover. Spine 24 is typically
constructed of a similar material as cover 22. In the
example illustrated in FIGS. 2, RFID tag 20 is placed
within book 6 on an inside portion of spine 24. RFID
tag 20 may be attached to the inside portion of spine
24 with a pressure sensitive adhesive, tape or any
other suitable means of attachment. For example, RFID
tag 20 may include an adhesive layer on one or both
sides that may be attached to spine 24. RFID tag 20
may be placed on the inside portion of spine 24 during
production of the book or after production, e.g., post
purchase. [0046] RFID tag 20 has dimensions that allow
the tag to be both covert and not easily blocked from
an interrogation signal by the hand or other body part
of a person. RFID tag 20 has a width that permits RFID
tag 20 to be placed covertly along the inside portion
of 



spine 24 of most books, even books with relatively few
pages. As described above, RFID tag 20 may have a
width in the x-direction of less than 10 mm (less than
approximately 0.4 inches), and more preferably a width
of less than 7 mm and even more preferably a width of
less than approximately 4 mm. RFID tag 20 has a length
in the y-direction that permits RFID tag 20 to be
interrogated even when a hand of a person is placed
over spine 24 of book 6. In other words, the length of
the RFID tag 20 is configured such that an antenna of
RFID tag 20 extends beyond the hand of an
average-sized person holding the book by the spine on
or near a geometric centerline of book 6, thus
preventing blocking of the interrogation signal to
RFID tag 20. In this manner, RFID tag 20 may be
activated by exit control system 14 when not properly
checked out, thus serving as a theft deterrent. As
described above, RFID tag 20 may have a length of
greater than 100 mm (approximately 4 inches), and more
preferably between 125 mm and 140 mm (approximately 5
to 5.5 inches), and even more preferably between 130
mm and 135 mm.[0047] RFID tag 20 may further serve as
an electronic label for identification purposes such
as for collecting cataloguing and circulating
(check-out and check-in) information for book 6,
location information for book 6 or other
identification and/or status information associated
with book 6. In other words, RFID tag 20 may also be
interrogated by other interrogation readers, such as
handheld reader 8, desktop reader 10, and shelf reader
12 to collect additional information. Although RFID
tag 20 of FIGS. 2A and 2B is shown attached to book 6,
RFID tag 20 may be attached to other articles that may
be located within library, such as magazines, files,
laptops, CDs and DVDs. Moreover, RFID tag 20 may be
used for detecting unauthorized removal of other
articles from different facilities, such as
corporations, law firms, government agencies,
hospitals, banks, retail stores or other facilities.
[0048] FIGS. 3A and 3B are schematic diagrams
illustrating an RFID tag 20 attached to an article.
Like FIGS. 2A and 2B, the article illustrated in FIGS.
3A and 3B is a book 6. RFID tag 20 may, however, be
attached to a number of different articles such as
CDs, DVDs, clothing, pictures, files, laptops or the
like. The schematic diagrams of FIGS. 3A and 3B
conform substantially with those of FIGS. 2A and 2B,
except RFID tag 20 of FIGS. 3A and 3B is located
within a gutter 30 of book 6. Gutter 30 is an area
near spine 



24 of book 6 where one edge of each of the plurality
of pages 26 of book 6 is bound into the binding of
book 6. RFID tag 20 is placed in gutter 30 near spine
24 of book 6. RFID tag 20 may, for example, be placed
inside gutter 30 between two pages and attach to one
or both of the pages at the bottom of gutter 30. As
described above, RFID tag 20 may attach to the pages
in gutter 30 via a pressure sensitive adhesive, tape
or any other suitable means of attachment. For
example, RFID tag 20 may include an adhesive layer on
one or both sides that may be attached to spine 24. As
described above, RFID tag 20 has dimensions that allow
RFID tag 20 to be: (1) covert and (2) not easily
blocked from an interrogation signal by the hand or
other body part of a person. [0049] FIG. 4 is a
schematic diagram illustrating an exemplary UHF RFID
tag 40 with a modified dipole antenna 42. Modified
dipole antenna 42 is coupled to an IC chip 44 on a
substrate 45. Modified dipole antenna 42 may be
electrically coupled to IC chip 44 via feed points 46A
and 46B (collectively, "feed points 46"). In one
embodiment, modified dipole antenna 42 may be located
on a first side of substrate 45 and IC chip 44 may be
located on a second side of substrate 45. In this
case, feed points 46 may electricallycouple modified
dipole antenna 42 to IC chip 44 using one or more vias
or crossovers that extend through substrate 45. In
another embodiment, a first portion of modified dipole
antenna 42 may be located on the first side of
substrate 45 and a second portion of modified dipole
antenna 42 may be located on the second side of
substrate 45 along with IC chip 44. Alternatively,
modified dipole antenna 42 and IC chip 44 may be
located on the same side of substrate 45. [0050] IC
chip 44 may be embedded within RFID tag 40 or mounted
as a surface mounted device (SMD). IC chip 44 may
include firmware and/or circuitry to store within RFID
tag 40 unique identification and other desirable
information, interpret and process commands received
from the interrogation hardware, respond to requests
for information by an interrogation device and to
resolve conflicts resulting from multiple tags
responding to interrogation simultaneously.
Optionally, IC chip 44 may be responsive to commands
(e.g., read/write commands) for updating the
information stored in an internal memory as opposed to
merely reading the information (read only). Integrated
circuits suitable for use in IC chip 44 of RFID tag 40
include those available from Texas Instruments located
in 



Dallas, Texas, Philips Semiconductors located in
Eindhoven, Netherlands, and ST Microelectronics
located in Geneva, Switzerland, among others. [0051]
Modified dipole antenna 42 includes a straight antenna
segment 48 coupled to a conductive loop segment 50
disposed on substrate 45. In other words, modified
dipole antenna may be viewed as a straight dipole
antenna with loop segment 50 added. Straight segment
48 and loop segment 50 may be electrically conductive
traces disposed on substrate 45. For example, straight
antenna segment 48 may be formed from a first
electrically conductive trace and loop segment 50 may
be formed of a second electrically conductive trace
and coupled to the first conductive trace forming
straight antenna segment 48. Straight segment 48 and
loop segment 50 may be disposed on substrate 45 using
any of a variety of fabrication techniques including
chemical vapor deposition, sputtering, etching,
photolithography, masking, and the like. [0052] Loop
segment 50 illustrated in FIG. 4 is formed in the
shape of a rectangle. Loop segment 50 may, however,
take on different shapes. For example, loop segment 50
may be formed in the shape of a half-circle, a
half-oval, triangle, trapezoid or other symmetric or
asymmetric shape. Moreover, although loop segment 50
of FIG. 4 is illustrated as one continuous conductive
trace, loop segment 50 may be formed with a
discontinuity or"break" in the conductive trace
forming the loop. The conductive traces of the loop
segment with the discontinuity may still function in a
similar manner to a continuous trace loop segment due
to capacitive coupling between the discontinuous
segments. The same may be true of straight segment 48.
In other words, straight segment 48 may include one or
more discontinuities in the conductive trace that
forms straight segment 48. [0053] In the example
illustrated in FIG. 4, loop segment 50 is
symmetrically located with respect to the straight
segment 48. In other words, straight segment 48
extends an equal distance in the y-directions beyond
loop segment 50. In other embodiments, however, loop
segment 50 may be asymmetrically located with respect
to the straight segment 48. In the example illustrated
in FIG. 4, IC chip 44 electrically couples to modified
dipole antenna 42 within loop segment 50. As described
below, however, IC chip 44 may electrically couple to
modified dipole antenna 42 within straight segment 48.
[0054] Modified dipole antenna 42 is designed such
that when RFID tag 40 is placed on or 



within an article, RFID tag 40 can easily be concealed
(i.e., rendered covert), yet not be easily blocked
from the interrogation signal by the hand or other
body part of a person. To achieve these features,
modified dipole antenna 42 is designed to have a long,
narrow aspect represented by length LANT and width
WANT- The width WANT of modified dipole antenna 42 is
designed to allow RFID tag 40 to be covert, while the
length LANT of modified dipole antenna 42 is designed
to receive an interrogation signal even when covered
by a hand or other body part of a person. In one
embodiment, width WANT may be less than approximately
6 mm (about 0.25 inches), and more preferably
approximately 4 mm (about 0.15 inches). In another
embodiment, width WANT of the modified dipole antenna
42 is less than or equal to approximately four times a
width of the smaller of the conductive traces that
forms modified dipole antenna 42. In the example
embodiment illustrated in FIG. 4, the width of the
conductive trace forming straight antenna segment 48
and the conductive loop segment 50 may be equal to IX,
and a space between an inside edge of the conductive
trace forming loop segment 50 and inside edge of the
conductive trace forming straight segment 48 may be
equal to approximately IX, where X is equal to the
conductive trace width. Thus, modified dipole antenna
42 may have a width that is approximately three times
the width of the conductive traces. In one embodiment,
the conductive traces that form modified dipole
antenna 42 may have a minimum trace width of a
selected manufacturing process, e.g., approximately 1
mm. Such a narrow width ofmodified dipole antenna 42
allows RFID tag 40 to be concealed, i.e., rendered
covert, on or within the article. For example, RFID
tag 40 may be placed within a gutter of a book or on
an inside portion of a spine of the book to conceal
RFID tag 40 from an observer. [0055] As described
above, length LANT of modified dipole antenna 42 is
designed to receive an interrogation signal even when
covered by a hand or other body part of a person.
Length LANT may be greater than approximately 100 mm
(about 4 inches), and more preferably between
approximately 125 mm and 140 mm (about between 5 and
5.5 inches), and even more preferably between
approximately 130 mm and 135 mm (slightly over 5
inches). At these lengths, when RFID tag 40 is placed
within a gutter of a book or on an inside portion of a
spine of the book, modified dipole antenna 42 extends
beyond a hand of a person holding the book by the
spine on or near a geometric centerline 52. 



Moreover, length LANT may be further adjusted within
the ranges described above such that modified dipole
antenna 42 matches dipole response to free space or to
surrounding dielectric. For example, length LANT may
be adjusted, for example, to match the dipole response
of the paper and binding material in the book to which
RFID tag 40 is attached. [0056] A number of aspects of
loop segment 50 may also be modified to improve the
operation of modified dipole antenna 42. For example,
a length LLOOP may be adjusted to affect the
sensitivity of modified dipole antenna 42 to various
aspects. A longer length LLOOP may increase the
sensitivity of modified dipole antenna to signal
interference, loss caused by the presence of
dielectric material (e.g., pages and other binding
materials) and changes in dipole length.
Alternatively, or additionally, the shape of loop
segment 50 may also be adjusted to affect sensitivity
of modified dipole antenna 42. Additionally, forming
loop segment 50 or straight segment 48 with
discontinuities may also affect sensitivity of
modified dipole antenna 42. [0057] As another example,
a positioning of loop segment 50 with respect to
straight dipole segment 48 may be adjusted to affect
sensitivity of modified dipole antenna 42 to changes
in various aspects. In the example illustrated in FIG.
4, loop segment 50 is symmetrically located with
respect to the straight segment 48. In other words,
straight segment 48 extends an equal distance in both
the positive and negative y-direction beyond loop
segment 50. In other embodiments, however, loop
segment 50 may be asymmetrically located with respect
to the straight segment 48. Offsetting loop segment 50
so that it is asymmetrically located with respect to
straight segment 48 results inmodified dipole antenna
42 being less sensitive to the exact value of the
dielectric constant of the surrounding medium (i.e.,
in the case of books, pages and other binding
materials). Moreover, modified dipole antenna 42 is
less sensitive to adjustments in dipole length. [0058]
In order to achieve increased power transfer, the
impedance of modified dipole antenna 42 may be
conjugately matched to the impedance of IC chip 44.
Generally, silicon IC chips have a low resistance and
a negative reactance. Thus, to achieve conjugate
matching, modified dipole antenna 42 may be designed
to have an equivalent resistance and equal and
opposite positive reactance. As will be described in
further detail below, design of modified dipole
antenna 42 to include loop segment 50 may provide 



modified dipole antenna 42 with improved impedance
matching capabilities. Loop segment 50 provides
modified dipole antenna 42 with a number of dimensions
that may be adjusted to match the impedance of antenna
42 to the impedance of IC chip 44. In particular, the
dimensions WANT, and LLOOP may be adjusted to match
the impedance of antenna 42 to the impedance IC chip
44 in addition to the dimensions LANT and the width of
the conductive traces (or ratio between the width of
the conductive traces of the straight segment and the
conductive traces of the loop segment) used to form
the various segments. The impedance matching of
antenna 42 to that of IC chip 44 may be referred to as
"tuning" of antenna 42. In some embodiments, modified
dipole antenna 42 may have one or more tuning stubs
(not shown), tuning capacitors (not shown) or other
separate tuning elements that may be used to tune
antenna 42. [0059] RFID tag 40 itself is designed to
have a long, narrow aspect that follows the dimensions
of modified dipole antenna 42. Thus, the width WTAG of
RFID tag 40 is designed to allow the article to be
covert, while the length LTAG of RFID tag 40 is
designed such that modified dipole antenna 42 may
receive an interrogation signal even when covered by a
hand or other body party of a person. Width WTAG m ay
be less than approximately 10 mm (about 0.4 inches),
and more preferably less than approximately 7 mm
(about 0.3 inches). In some cases, RFID tag 40 may be
trimmed to the width of modified dipole antenna 42. In
other words, the width of RFID tag 40 (WTAG) may be
approximately equal to the width of antenna 42 (WANT)
- Length LTAG m ay be determined based on the length
of modified dipole antenna 42. The length LTAG may,
for example, be a 2-5 mm longer than the length of
modified dipole antenna 42, i.e., LANT - In some
embodiments, LTAG may be approximately equal to LANT-
In this manner, the width of theRFID tag 40 allows
RFID tag 40 to be placed in locations that make RFID
tag 40 inconspicuous to the casual observer, e.g., in
a gutter (area near the spine where one edge of each
page is bound into the binding of a book) or spine of
a book, while the length of RFID tag 40 allows
modified dipole antenna to receive an interrogation
signal even when partially covered by the hand of a
person. 



[0060] The dimensions described above with respect to
RFID tag 40 are optimized for operation of RFID tag 40
within the UHF band from approximately 900 MHz to 930
MHz. Minor modifications to these dimensions may be
made such that RFID tag 40 may be optimized for
operation within other portions of the UHF band, such
as around the 868 MHz (European UHF band) or 955 MHz
(Japan UHF band). For example, the length of the
modified dipole antenna 42 LANT may be modified in
inverse proportion to the frequency of operation. For
operation in Europe at the lower center frequency of
868 MHz, dipole antenna length LANT may be increased
by a factor of 915/868. For operation in Japan at the
higher center frequency of 955 MHz, the antenna length
LANT may be decreased by a factor of 915/955. [0061] A
height or thickness of RFID tag 40 may be selected
such that RFID tag 40 does not protrude significantly
from the surface of the article to which it is
attached. IfRFID tag 40 protrudes significantly from
the surface of the article, RFID tag 40 may be
perceivable and vulnerable to damage or removal. As an
example, the height of RFID tag 40 may be in a range
of approximately 0.06 mm to 0.59 mm. In one
embodiment, RFID tag 40 may have a thickness of
approximately 0.275 mm. It should be understood that
other heights are possible. [0062] As described above,
RFID tag 40 may include one or more adhesive layers or
other suitable attachment means to attach the tag to
an article (e.g., a book). In one embodiment, for
example, RFID tag 40 may include an adhesive layer on
either a top surface or bottom surface of RFID tag 40.
In fact, in some cases, RFID tag 40 may include an
adhesive layer on both the top surface and the bottom
surface of tag 40. Adhesive layers, however, are not
required. In these cases, RFID tag 40 may be placed on
or within the article without the adhesive layer. For
example, RFID tag 40 may be placed within the gutter
of a book and held in the gutter via the friction
between the pages of the gutter and the RFID
tag.[0063] FIG. 5 is a schematic diagram illustrating
another exemplary RFID tag 60 with a modified dipole
antenna 62. Modified dipole antenna 62 conforms
substantially to modified dipole antenna 42 of FIG. 4,
except loop segment 50 of modified dipole antenna 62
is asymmetrically located with respect to geometric
centerline 52 of the modified 



dipole antenna 62 instead of being symmetrically
located with respect to geometric centerline 52. In
particular, straight dipole segment 48 of modified
dipole antenna 62 does not extend equal distances in
both y-directions beyond loop segment 50. Instead,
straight dipole segment 48 of modified dipole antenna
62 extends further along the y-axis in one direction
than the other. As described above, offsetting loop
segment 50 so that it is asymmetrically located with
respect to straight segment 48 results in modified
dipole antenna 62 being less sensitive to various
parameters than modified dipole antenna 42. For
example, modified dipole antenna 62 may be less
sensitive to variations in the dielectric constant of
the surrounding medium (i.e., in the case of books,
pages and other binding materials). As another
example, modified dipole antenna 62 may be less
sensitive to various dipole lengths. [0064] FIG. 6 is
a schematic diagram illustrating another exemplary
RFID tag 70 with a modified dipole antenna 72. RFID
tag 70 conforms substantially to RFID tag 40 of FIG.
4, except modified dipole antenna 72 is a modified
folded dipole antenna instead of a modified straight
dipole antenna as in FIG. 4. In other words, modified
dipole antenna 72 includes fold segments 74A and 74B
(collectively, "fold segments 74") located at
respective ends of straight segment 48. Fold segments
74A and 74B each include a curve portion that curves
in the direction of loop segment 50 and a straight
portion that runs parallel with straight segment 48
toward loop segment 50. Although fold segments 74 are
illustrated in FIG. 6 as half-circle or half-oval
folded segments, fold segments may take on different
shapes. For example, fold segments 74 may be formed in
the shape of a half-rectangle, a portion of a
triangle, or the like. In any case, straight portions
of fold segments 74 run substantially parallel to the
straight segment 48. Moreover, the size of the folds
may also be increased or decreased. [0065] The
modified folded dipole antenna 72 may allow for
extended readability, and thus better tag performance.
This is particularly true when RFID tag 70 is located
on or in an article that includes one or more other
tags. In other words, modified folded dipole antenna
72 provides increased performance when placed on a
multi-tagged item. Foldsegments 74 also increase the
effective length of tag 70, allowing for more
flexibility to tune the tag parameters. Additionally,
fold segments 74 may make RFID tag 70 more 



responsive to off-axis signals. Moreover, fold
segments may give RFID tag 70 an input impedance that
is more consistent when placed in books (or other
articles) with different dielectric constants. [0066]
In the example illustrated in FIG. 6, the width of the
conductive trace forming straight antenna segment 48
and the conductive loop segment 50 may be equal to IX,
and a space between an inside edge of the conductive
trace forming loop segment 50 that is parallel to
straight segment 48 and inside edge of the conductive
trace forming straight segment 48 may be equal to
approximately 2X, where X is equal to the conductive
trace width. Thus, modified dipole antenna 72 of FIG.
6 may have a width that is approximately four times
the width of the conductive traces. In one embodiment,
the conductive traces that form modified dipole
antenna 72 may have a minimum trace width of a
selected manufacturing process, e.g., approximately
1mm. Thus, modified dipole antenna 72 has
substantially similar dimensions as described above
with respect to FIG. 4. [0067] FIG. 7A is a schematic
diagram illustrating another exemplary RFID tag 80
with a modified dipole antenna 82. Modified dipole
antenna 82 conforms substantially to modified dipole
antenna 72 of FIG. 6, except at least one of the folds
of modified dipole antenna 82 folds in a direction
opposite the location of loop segment 50. In the
embodiment illustrated in the example of FIG. 7A, only
one of the folds of modified dipole antenna 82 folds
in the direction opposite the location of loop segment
50. However, in other embodiments, both of the folds
may fold in the direction opposite the location of
loop segment 50. In either case, however, the width of
the antenna may be on the slightly larger side of the
dimensions described above. For example, the width of
modified dipole antenna may be closer to the 8-10 mm
range. [0068] FIG. 7B is a schematic diagram
illustrating another exemplary RFID tag 84 with a
modified dipole antenna 86. Like antenna 82 of FIG.
7A, antenna 84 of FIG. 7B includes at least one fold
segment (i.e., 74A of FIG. 7B) that folds in a
direction opposite the location of loop segment 50.
However, antenna 86 of FIG. 7B is formed such that the
width of antenna 86 is substantially similar to that
of the antennas illustrated in FIGS. 4-6. In other
words, fold segment 74A does not cause the width of
antenna 86 to be larger. In 



particular, a meander segment 83 slopes from straight
segment 48 to a beginning of foldedsegment 74A, which
is located at approximately the same distance in the
x-direction as the segment of the conductive trace of
loop segment 50 that is parallel to straight segment
48. Other similar modifications of the straight dipole
segment may be made to reduce the width of the
antenna. [0069] FIG. 8 is a schematic diagram
illustrating another exemplary RFID tag 90 with a
modified dipole antenna 92. Modified dipole antenna 92
conforms substantially to modified dipole antenna 42
of FIG. 4, except IC chip 44 is electrically connected
to modified dipole antenna 42 within straight dipole
segment 48 of modified dipole antenna 92 instead of
within loop segment 50. [0070] FIGS. 9-12 are graphs
illustrating exemplary RFID signal strengths for RFID
tags designed in accordance with the techniques of
this disclosure. As illustrated in FIGS. 9-12, the
signal strength of the modified dipole antennas is
strong across a broad "maximum." The broad maximum
signal strength of the modified dipole antenna
provides the advantage of good performance over a wide
range of variability inherent in articles of nearly
any protected area. In the context of a library, for
example, the collection of books includes books with
significantly different dielectric constants due to
various book properties such as size (e.g., thick or
thin), paper types (e.g., shiny clay-filled papers or
low-density papers), different types of inks,
different quantities of inks (e.g., especially on book
covers/jackets), different adhesives used to attach
pages to spine, or other interferences, such as
multiple tag environments that have more than one tag
on a book. The broad maximum signal strength of the
modified dipole antenna allows a single RFID tag
design to operate with satisfactory performance in any
type of book. [0071] FIG. 9 is a graph illustrating
exemplary RFID signal strength for an RFID tag
designed in accordance with the techniques of this
disclosure. The exemplary RFID response results
illustrated in FIG. 9 is for an RFID tag that includes
a modified dipole antenna of the type illustrated in
FIG. 4. In this test, the length, e.g., LLOOP , of the
loop segment 50 of the RFID antenna was 25 mm. Loop
segment 50 was initially symmetrically located with
respect to straight dipole segment 48. The straight
dipole segment 48 was initially 165 mm in length.
Segments of 5 mm were incrementally cut off 



the modified dipole antenna and a test measurement was
obtained. For example, the first 5 mm increment was
cut off a first end of the straight dipole segment
such that the straight dipole segment was slightly
asymmetric. A test measurement was taken. Then a
second 5mm segment was removed from the opposite end
of straight dipole segment 48, thus making the tag
symmetrical again, and another measurement was taken.
The 5 mm segments were incrementally removed from
opposite ends until the total length of straight
dipole segment 48 was 100 mm. In this manner, the RFID
response was measured for straight dipole segment
lengths of 100 mm to 165 mm. The RFID tag was tested
for RFID response in free space (represented by line
102) and while inserted into the gutter of a book
(represented by line 100) to demonstrate the
dependence of RFID response on dipole length. [0072]
As illustrated in the graphs of FIG. 9, the modified
dipole antenna of the RFID tag shows a peak response
in free space for a dipole length of 160 mm and a peak
response when placed within the book at a dipole
length of above 140 mm. The length of dipole antenna
may be selected such that the modified dipole can
compensate for the signal interference and loss caused
by the presence of dielectric materials (paper).
[0073] FIG. 10 is another graph illustrating RFID
signal strength for another exemplary RFID tag
designed in accordance with the techniques of this
disclosure. In this test the RFID tag used to generate
the results illustrated in FIG. 10 was of the same
design as the results in FIG. 9. As described above,
the initial tag configuration included a 165 mm
straight dipole segment and a 25 mm loop segment
initially symmetrically located with respect to
straight dipole segment 48. Thus, the initial reading
of the 165 mm tag is with no offset. Unlike described
above with respect to FIG. 9, however, the 5 mm
segments were removed from only a single side of the
straight dipole segment 48, thus increasing the amount
of offset of loop segment 50 with respect to the
centerline of straight dipole segment 48. Test
measurements were again taken at each 5 mm increment
in length from 165 mm to 100 mm. [0074] The response
of the modified dipole antenna in the book shows a
broad maximum from 140 mm to 120 mm. The strength of
the response of the asymmetric modified dipole across
a broad range of dipole antenna lengths indicate that
the modified dipole will be 



relatively insensitive to the exact value of the
dielectric constant of the surrounding medium when the
loop is asymmetrically placed. Moreover, the antenna
is less sensitive to adjustments in length of straight
dipole segment 48. [0075] FIG. 11 is a graph
illustrating exemplary RFID response signal strength
for yet another exemplary RFID tag designed in
accordance with the techniques of this disclosure.In
this test the RFID tag used to generate the results
illustrated in FIG. 11 was of the same design as the
results in FIG. 9, but the length, e.g., LLOOP, of the
symmetrically located loop segment 50 was 37 mm
instead of 25 mm. The RFID tag, however, was
incrementally shortened by 5 mm in the manner
described above with respect to FIG. 9. The response
of the symmetric modified dipole antennas with 37 mm
loop illustrated the length of loop segment 50 of the
modified dipole antenna affects the signal
interference and loss caused by the presence of
dielectric materials (paper). [0076] FIG. 12 is
another graph illustrating another exemplary RFID
signal strength for another exemplary RFID tag
designed in accordance with the techniques of this
disclosure. The RFID tag used to generate the results
illustrated in FIG. 12 was of the same design as the
results in FIG. 11, but the loop segment 50 of the
modified dipole antenna was incrementally shortened in
the manner described above with respect to FIG. 10 to
test the affect of the increase in asymmetrical offset
with respect to the centerline of straight dipole
segment 48. The length of the loop segment remained at
37 mm. The response of the modified dipole antenna in
the book (i.e., line 114) shows a broad maximum from a
dipole length 140 mm to 120 mm. The strength of the
response of the asymmetric modified dipole across a
broad range of dipole antenna lengths indicate that
the modified dipole will be relatively insensitive to
the exact value of the dielectric constant of the
surrounding medium when the loop is asymmetrically
placed. Moreover, the antenna is less sensitive to
adjustments in length of straight dipole segment 48.
[0077] FIG. 13 is a graph illustrating a comparison of
signal strengths experimentally measured for an RFID
tag with a conventional dipole as well as two RFID
tags having modified dipole antennas designed in
accordance with the techniques of this disclosure. The
two types of RFID tag designs are similar in form to
the RFID tag illustrated in Figure 8, differing in the
length (LLOOP) of the loop segment 50 of the modified
dipole antenna. 



The first design of this example has a loop segment 50
with length LLOOP of 25 mm. The second design of this
example has a loop segment 50 with length LLOOP of 37
mm. Both designs have the same length (LANT) of dipole
segment 48, with LANT equal to130 mm. In other
respects the two types of RFID tags have similar
dimensions to the previous examples, including line
width and trace thickness of antenna and loop
segments, substrate type and thickness and IC chip
(attached in the center of the straight dipole segment
48. The conventional dipole antenna tested in this
example is a simple straight dipole antennacomprising
two equal conductor segments with total length LANT of
130 mm, including the IC 44 attached at the center. In
all other aspects, the dipole antenna is equivalent to
the modified dipole antennas of this disclosure,
without a loop segment 50. [0078] The signals
strengths of each of the RFID tags were measured while
each of the tags was placed within three different
books. The three books in this example represent a
range of dielectric properties one would expect to
find in commonly available library books. Table 1
below summarizes the real part of the dielectric
constant ( R) and the loss tangent (tan d) for each of
the books cover and pages. Table 1 includes a column
indicating the total page thickness at the midpoint of
each book. The total page thickness at the midpoint is
measured to include the pages from the front of the
book to the midpoint page where each RFID tag was
inserted to test the effect of the book on the tag.
Table 1. Book dielectric properties. [0079] The
response signal of each of the RFID tags was
determined by placing each of the RFID tags, in turn,
into each book. Only one tag was installed in the book
under test, and it was removed after the test. The
response signal of the RFID tag in the book was
determined for each of the tags placed in each of the
books. The resulting curves are plotted in Figure 13
as signal strength as a function of dielectric
constants for each of three RFID antenna designs. The
lines connecting the data points are added as an
approximation of the response of the tags. [0080] The
RFID tags designed in accordance with this disclosure
show relatively high values of response signal as
compared to the conventional dipole antenna. In FIG.
13, the curve 110 represents the signal strength of
the RFID tag having the modified antenna with the 25
mm loop segment, curve 112 represents the signal
strength of the RFID tag having 



the modified dipole antenna with the 37 mm loop and
curve 114 represents the signal strength of the RFID
tag having the conventional dipole antenna. [0081] As
illustrated in the graph of FIG. 13, curve 110 of the
signal strength of the RFID tag with 25 mm loop is
substantially constant across the several values of
dielectricconstant for the three books of the example.
The relatively constant signal strength of the RFID
tag with 25 mm loop may improve overall system
response and simplify system design because the signal
strength may be approximately the same for any book
with dielectric constant within the range represented
by the books of this example. [0082] The curve 112 of
the signal strength of the RFID tag with the 37 mm
loop segment shows a decrease compared to the response
signal of the 25 mm loop at the highest value of
dielectric constant. However, the signal strength is
relatively constant over the lower values of
dielectric constant compared to the conventional
dipole segment. [0083] The curve 114 of the signal
strength of the RFID tag with the conventional dipole
antenna (i.e., no loop segment) shows a signal
strength that is lower than the signal strengths of
either of the RFID tags designed in accordance with
this disclosure. In the example illustrated in FIG.
13, the signal strength is approximately 1.5-2 dB
weaker than the modified dipole antennas designed in
accordance with this disclosure. The signal strength
of the conventional dipole antenna is particularly
lower at both the low dielectric constant and high
dielectric constant values. The overall lower signal
strength 114 of the conventional dipole antenna tag
may make it more difficult for the RFID system to
communicate with the tag in a book, especially a book
with a higher or lower dielectric constant. [0084]
FIGS. 14-17 are graphs based on modeling data for RFID
tags in accordance with the principles described
herein. The graphs illustrate exemplary impedance
changes as a function of adjustments to a modified
dipole antenna that includes a loop segment in
accordance with the techniques of this disclosure.
FIGS. 14A and 14B illustrate exemplary impedance
changes as a function of varying antenna lengths,
e.g., various values of LANT - In particular, FIG. 14A
shows changes in the real part of the impedance as a
function of varying antenna lengths from 100 mm to 165
mm. Curves 122, 124, 126, 128, 130, 132 and 134
correspond to the real part of the impedance (in ohms)
with antenna 



lengths varying from 100, 109.286, 118.571, 127.857,
137.143, 146.429, 155.714 and 165 (in mm),
respectively. Likewise, FIG. 14B shows changes in the
imaginary part of the impedance as a function of the
varying antenna lengths, with curves 140, 142, 144,
146, 148, 150, 152 and 154 corresponding to the
imaginary part of the impedance with antenna lengths
varying from 100, 109.286, 118.571, 127.857, 137.143,
146.429, 155.714 and 165 (in mm), respectively.[0085]
FIGS. 15A and 15B are graphs of exemplary impedance
changes as a function of varying length of a loop
segment, i.e., LLOOP - I particular, FIG. 15A shows
changes in the real part of the impedance as a
function of varying loop lengths from 30 mm to 40 mm.
Curves 160, 162, 164 and 166 correspond to the real
part of the impedance (in ohms) with loop lengths
varying from 40, 38, 36 and 30 (in mm), respectively.
Likewise, FIG. 15B shows changes in the imaginary part
of the impedance as a function of the varying loop
lengths, with curves 170, 172, 174 and 176
corresponding to the imaginary part of the impedance
with loop lengths varying from 40, 38, 36 and 30 (in
mm), respectively. As can be seen from the graphs
illustrated in FIGS. 15, longer loop lengths (LLOOP)
result in increased real and imaginary components of
the impedance. [0086] FIGS. 16A and 16B are graphs of
exemplary impedance changes as a function of varying a
space between an inside edge of the conductive trace
forming loop segment 50 and inside edge of the
conductive trace forming straight segment 48, referred
to herein as loop width. In particular, FIG. 16A shows
changes in the real part of the impedance as a
function of loop widths of 2 mm and 3 mm. Curves 180
and 182 correspond to the real part of the impedance
(in ohms) with loop widths of 3 mm and 2 mm,
respectively. Likewise, FIG. 16B shows changes in the
imaginary part of the impedance as a function of the
varying loop widths, with curves 184 and 186
corresponding to the imaginary part of the impedance
with loop widths of 3 mm and 2 mm, respectively. As
can be seen from the graphs illustrated in FIGS. 16,
larger loop widths i.e., spacing between an inside
edge of the conductive trace forming loop segment 50
and inside edge of the conductive trace forming
straight segment 48, result in increased real and
imaginary components of the impedance. [0087] FIGS.
17A and 17B are graphs of exemplary impedance changes
as a function of 



an offset of the loop from a geometric centerline of
the straight segment of the modified dipole antenna,
referred to herein as "offset." In particular, the
overall tag length and loop dimensions are kept
constant. The loop is offset 0, 10, 20, 30, 40, 50,
and 60 mm from the center of the tag. In the broad
frequency range, there were significant changes (not
illustrated). However in the UHF RFID band as plotted
in Fig. 17, the response is fairly flat and does not
deviate significantly with the various offsets. The
real component of the impedance experiences relatively
no change, while the imaginary component slightly
increases as the offset increases.[0088] Offsetting
the loop may cause changes in the radiation pattern of
the modified dipole antenna. FIG. 18 illustrates the
radiation pattern as the offset moves from 0 offset
(i.e., symmetrically placed) toward 60 mm offset.
Curves 200, 202, 204, 206, 208, 210 and 212 represent
the radiation pattern of the antenna for offsets of 0,
10, 20, 30, 40, 50 and 60 (in mm), respectively. As
illustrated in FIG. 18, there is a significant null
that develops at the location broadside to the
antenna. [0089] FIGS. 19A and 19B are Smith Charts
that illustrate example total impedance of two antenna
designs. In particular, FIG. 19A illustrates a Smith
Chart of the total impedance of a conventional dipole
antenna, i.e., without a loop segment. FIG. 19B
illustrates a Smith Chart of the total impedance of a
modified antenna that includes a loop segment as
described in detail above. In FIGS. 19A and 19B, point
220 illustrates a desired region for optimal impedance
matching for an example IC chip. As illustrated in
FIG. 19A, the conventional dipole antenna does not
achieve the required inductance to match the example
IC chip. As illustrated in FIG. 19B, however, the
impedance of the modified dipole antenna may be
adjusted according to any of the several methods
described above to achieve the impedance of the
example IC chip. [0090] Various embodiments have been
described. These and other embodiments are within the
scope of the following claims.CLAIMS: 1. A dipole
antenna for a radio frequency identification (RFID)
tag comprising: a straight dipole segment formed from
a first electrically conductive trace; and a loop
segment formed from a second electrically conductive
trace and electrically coupled to the straight dipole
segment, wherein a width of the dipole antenna is less
than 



or equal to four times a width of a smaller one of the
first and second conductive traces. 2. The dipole
antenna of claim 1, wherein the loop segment is
symmetrically located along the straight dipole
segment such that the straight dipole segment extends
past the loop segment an equal distance in both
directions. 3. The dipole antenna of claim 1, wherein
the loop segment is asymmetrically located along the
straight dipole segment such that a first portion of
the straight dipole segment extends a further distance
past the loop segment in a first direction than a
second portion of the straight dipole antenna extends
past the loop segment in an opposite direction. 4. The
dipole antenna of claim 1, wherein the straight dipole
segment includes folded segments that fold to form a
folded dipole segment. 5. The dipole antenna of claim
1, wherein a width of the dipole antenna is less than
approximately 6 millimeters (mm) and a length of the
dipole antenna is greater than approximately 100 mm.
6. The dipole antenna of claim 5, wherein the width of
the dipole antenna is less than or equal to
approximately 4 mm. 7. The dipole antenna of claim 5,
wherein the length of the dipole antenna is between
approximately 125 mm and 150 mm. 8. The dipole antenna
of claim 7, wherein the length of the dipole antenna
is between approximately 130 mm and 135 mm.9. The
dipole antenna of claim 1, wherein the dipole antenna
is configured to operate in an ultra high frequency
(UHF) band of the radio spectrum. 10. The dipole
antenna of claim 1, wherein at least one of the first
and second conductive traces is a minimum trace width
of a selected manufacturing process. 11. A radio
frequency identification (RFID) tag comprising: a
modified dipole antenna that includes: a straight
dipole segment formed from a first electrically
conductive trace; and a loop segment formed from a
second electrically conductive trace and electrically
coupled to the straight segment, wherein a width of
the modified dipole antenna is less than approximately
6 millimeters (mm) and a length of the modified 



dipole antenna is greater than approximately 100 mm;
and an integrated circuit electrically coupled to the
modified dipole antenna. 12. The RFID tag of claim 11,
wherein the width of the dipole antenna is less than
or equal to approximately 4 mm. 13. The RFID tag of
claim 11, wherein the width of the dipole antenna is
less than or equal to four times the width of a
smaller one of the first and second conductive traces.
14. The RFID tag of claim 11, wherein the loop segment
is symmetrically located along the straight dipole
segment such that the straight dipole segment extends
past the loop segment an equal distance in both
directions.15. The RFID tag of claim 11, wherein the
loop segment is asymmetrically located along the
straight dipole segment such that a first portion of
the straight dipole segment extends a further distance
past the loop segment in a first direction than a
second portion of the straight dipole antenna extends
past the loop segment in an opposite direction. 16.
The RFID tag of claim 11, wherein the straight dipole
segment includes folded segments that fold to form a
folded dipole segment. 17. The RFID tag of claim 11,
further comprising at least one adhesive layer on at
least one surface of the RFID tag. 18. The RFID tag of
claim 11, wherein the length of the dipole antenna is
between approximately 130 mm and 135 mm. 19. The RFID
tag of claim 11, wherein the integrated circuit is
electrically coupled to the modified dipole antenna
within the loop segment of the modified dipole
antenna. 20. The RFID tag of claim 11, wherein the
integrated circuit is electrically coupled to the
modified dipole antenna within the straight segment of
the modified dipole antenna. 21. The RFID tag of claim
11, wherein a width of the RFID tag is less than
approximately 10 mm. 22. The RFID tag of claim 21,
wherein the width of the RFID tag is less than
approximately 7mm. 23. The RFID tag of claim 22,
wherein the width of the RFID tag is approximately
equal to the width of the modified dipole antenna. 24.
The RFID tag of claim 11, wherein the dipole antenna
is configured to operate in 



an ultra high frequency (UHF) band of the radio
spectrum.25. The RFID tag of claim 11, wherein at
least one of the first and second conductive traces is
a minimum trace width of a selected manufacturing
process. 


