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Felipe Cátedra, Spain
Dau-Chyrh Chang, Taiwan
Deb Chatterjee, USA
Z. N. Chen, Singapore
Michael Yan Wah Chia, Singapore
Shyh-Jong Chung, Taiwan
Lorenzo Crocco, Italy
Tayeb A. Denidni, Canada
Antonije R. Djordjevic, Serbia
Karu P. Esselle, Australia
Francisco Falcone, Spain
Miguel Ferrando, Spain
Vincenzo Galdi, Italy
Wei Hong, China
Hon Tat Hui, Singapore
Tamer S. Ibrahim, USA
Mandeep Singh Jit Singh, Malaysia
Nemai Karmakar, Australia

Se-Yun Kim, Republic of Korea
Ahmed A. Kishk, Canada
Selvan T. Krishnasamy, India
Tribikram Kundu, USA
Ju-Hong Lee, Taiwan
Byungje Lee, Republic of Korea
L. Li, Singapore
Yilong Lu, Singapore
Atsushi Mase, Japan
Andrea Massa, Italy
Giuseppe Mazzarella, Italy
Derek McNamara, Canada
C. F. Mecklenbräuker, Austria
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and Xabier Eguiluz
Volume 2014, Article ID 197437, 8 pages

Enhanced Loop Structure of NFC Antenna for Mobile Handset Applications, Byungje Lee,
Byeongkwan Kim, and Sunghyun Yang
Volume 2014, Article ID 187029, 6 pages

Study on the Optically Transparent Near-Field and Far-Field RFID Reader Antenna, Yuan Yao,
Junsheng Yu, and Xiaodong Chen
Volume 2014, Article ID 149051, 5 pages

Power Transmission of UHF Passive Embedded RFID in Tires, Shengbo Hu, Bing Si, Heng Shu,
and Jinrong Mo
Volume 2014, Article ID 897041, 8 pages

RFID Application of Smart Grid for Asset Management, Xiwei Wang, Qi Dang, Jinglin Guo,
and Hongbin Ge
Volume 2013, Article ID 264671, 6 pages

Modelling and Design of HF RFID Passive Transponders with Additional Energy Harvester,
Piotr Jankowski-Mihułowicz, Włodzimierz Kalita, Mariusz Skoczylas, and Mariusz Wȩglarski
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RFID is emerging as one of most fundamental technologies
to Internet of Things due to its attractive features such as
good reading ranges, high data rates, and low cost. RFID
has achieved a widespread success in various applications,
ranging from asset tracking, highway toll collection, supply
chain management, animal identification to surveillance sys-
tems. Moreover, there has been a wide scope of development
in RFID standards, protocols, and middleware. However, a
series of challenging issues should be properly addressed
before a massive adaptation of RFID technology.

In this special issue, we have received 24 paper sub-
missions and accepted 9 papers finally according to the
reviewers’ comment and associate editors’ suggestion. These
accepted papers include RFID reader antenna design, RFID
tag antenna design, RFID passive transponders, tag collision
algorithm, and RFID application systems.

B. Lee et al. from Kwangwoon University of Korea
proposed a novel structure of an NFC loop antenna for
mobile handset applications by improving the performance
of an NFC loop antenna when a ferrite-polymer composite
is attached between the embedded NFC loop antenna and
the phone battery. The proposed loop antenna gives better
performance than that of a conventional NFC loop antenna.

L. X. Zheng et al. from South China University of
Technology proposed a compact RFID reader antenna for
UHF near-field and far-field operations. The structure of
the antenna is a novel folded-dipole loop and is formed
by a concentric metal ring with a split. It can provide
uniform magnetic near-field distribution and available far-
field gain. Y. Yao et al. from Beijing University of Posts
and Telecommunications also proposed a novel RFID reader

antenna. This antenna was fabricated using indium tin oxide
film; thus, it has optically transparent characteristic.This kind
of antenna can be used in clothing stores.

P. Jankowski-Mihulowicz et al. from Rzeszów University
of Technology proposed novel RFID passive transponders
with additional energy harvester. They can recover energy
from the electromagnetic field of read device and the
harvested energy was utilized to supply a microprocessor
acquisition block for developed LTCC pressure sensor.

C. Wang et al. from Beijing University of Posts and
Telecommunications proposed an advanced dynamic
framed-slotted ALOHA algorithm based on Bayesian
estimation and probability response to solve the tag collision
problem of RFID system. The simulation results show that
the proposed algorithm has better performance.

We sincerely hope that this special issue can further
help the readers to understand RFID antenna design and
applications and explore the future development of the
system.

Xiaodong Chen
Junsheng Yu

Yuan Yao
ChaoweiWang
Daniel Valderas
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RFID is a key which enables technology for the Internet ofThings paradigm, allowing the virtualization of the physical objects into
the Internet. There are uncountable applications whereby these connected objects can be a breakthrough for new business models,
and this work shows a good example of that. We present the RFID Presenter as the evolution of a classical consumer electronic
product to a novel connected Internet product with the addition of the RFID technology. It supposes a new way to manage the
conference talks in a personalization way, improving the end-user interaction and providing services that were impossible before.
The design, implementation, and validation of a real gadget are well explained in order to give a real example of how the Internet
of Things can be integrated into daily objects and enhance the end-user experiences.

1. Introduction

This work introduces the design and validation of the
RFID Presenter, a new concept of presenter that integrates
the radiofrequency identification (RFID) technology into
a traditional remote wireless controller for conference and
lecture talks. The aim is the addition of new services to
the basic presenter functions, keeping the same ergonomic
performance without decreasing the usability and enhancing
the end-user experience.

The system consists of a conference manager (CM)
installed in a personal computer that runs typical desktop
applications and the wireless RFID Presenter. It identifies
the end-user with a RFID conference card and the CM
immediately launches the desktop applications associated
with the documents or the multimedia that each user has
previously remotely uploaded. The remote file allocation
allows the end-user tomanage until the last time the required
documents and their sharing with the conference audience if
it is necessary.

The RFID Presenter controls every action needed for
the execution of the applications, the switching between
applications, and the end-up of the conference presentation.

The conference manager will be usually installed in a
personal computer that makes the gateway between the video
projector, the files repository, and the RFID Presenter.

The proposed system architecture is simple and flexible,
as it requires a minimum number of elements to maximize
the user experience and it is designed to work together with
the CM application.

This paper is organized as follows. Section 1 introduces
the main scope of the work and the basic characteristics of
the proposed solution. A brief related work shows the current
presenters and their typical functionalities in Section 2,
before describing the systemarchitecture in Section 3. Section
4 goes deep into the hardware, software, andmechanic design
of the RFID Presenter and Section 5 does the same with
the conference manager application. Finally, Section 6 shows
the system validation and the final result discussion, before
presenting some conclusions and the proposal of some future
work.

2. Related Work

The radio frequency identification emerged as a new con-
tactless identification technology mainly focused on logistic
processes, in order to improve their efficiency and cost
reduction [1], but it has become the seed of the Internet of
Things concept as it has facilitated the presence of the physical
world into the digital world [2, 3].

The Internet ofThings covers a wide range of applications
and technologies, but all of them need some communication

Hindawi Publishing Corporation
International Journal of Antennas and Propagation
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Figure 1: Genius ring presenter.

capability to upload, at least, their ID to the Internet [4]. In the
recent years, there have been a large number of gadgets based
on RFID that try to break the market, and their acceptance
by end-user becomes a priority requirement. The addition of
new functionalities to any existing or new gadget must not
compromise its usability; otherwise it will not succeed. That
is why the design [5] and interaction [6] aspects have become
relevant for the research community. Some examples show
how to increase the added value of a product personalizing it
to the end-user with the use of RFID technology but keeping
the usability equal or even improving it [7, 8].

2.1. Presenters. The market offers a wide range of presenters,
most of them based on a specific radiofrequency receptor.
The complexity of these devices has evolved frommultibutton
and multifunction gadgets to more simple and user-friendly
devices, whereby only the most used actions are available
[9–13]. Some curiosities can be found, like the control of
the scrolls, the display of the presentation time, or more
ergonomic shapes, like in Figure 1.

However, all of them work with traditional presentation
tools (i.e., Microsoft PowerPoint), they cannot be configured
by the end-user, they have to be launched directly in the
computer and above all, and none of them identifies the end-
user who holds it.

3. System Architecture

The RFID Presenter is based on the system architecture
described in Figure 2 in order to fulfill the functional
requirements defined by the use cases described in Figure 3.

The presenter is wirelessly connected to the CM that
is allocated in a personal computer (PC), which in turn is
connected to a video projector. The document that is going
to be used in the presentation can be both in a local or in a
remote repository, whatever suits better, despite the fact that
this work is validated only in the local use case.

3.1. RFID Presenter. The RFID Presenter is the physical user
interface for the execution of the conference/lecture talk; it

User

Presenter

Bluetooth

Administrator

PC projector
Internet

Repository

2

1

Figure 2: System architecture.

Administrator

End-user

Initialization

Start the
presentation

Switch
document

Identify and link 
end-user

Open default 
document

Manage the
documents

Laser pointer

Close the
presentation

Figure 3: Use cases.

identifies the user ID and transmits all the instructions to the
conference manager thorough a wireless link:

(i) identify the user ID with a RFID reader;

(ii) open documents;

(iii) switch between different documents;

(iv) move forward or backward in PowerPoint docu-
ments;

(v) play or pause a video file;

(vi) close a presentation.

The aim of the RFID Presenter is the total substitution of
the interaction with the personal computer for a conference
speaker or a lecturer, and it has to be design accordingly.

3.2. Conference Manager. A personal computer holds the
conference manager application that is paired with the
associated RFID Presenter. The application is installed and
associated once and after that nobody has to interact with it;
it runs as a transparent gateway between the RFID Presenter,
the project, and the repository.

In the local use case, an administrator has to do the
pairing setting and the file association, but in the remote use
case the latter can be done by the end-user itself.
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3.3. Bluetooth. Selection of wireless communication technol-
ogy is one of the keys in the system architecture. Two different
options have been considered: Wi-Fi and Bluetooth.

Wi-Fi can provide a direct access to the documents in
the repository and even to a Wi-Fi Projector. Instead, Wi-Fi
transceivers have high energy consumption, it is complicated
to set the Wi-Fi settings without external keyboards and
screens, and it is necessary high computer capacities for
document management.

Bluetooth, however, does not allow a direct access to
the documents in the repository and a personal computer
is necessary for its connection with the projector, but it has
other important advantages like the following:

(i) the ease paring with a PC;

(ii) low price ($10 versus $30);

(iii) the low power performance (30mA versus 200mA);

(iv) the low computing requirement;

(v) the high level software libraries.

3.4. Repositories. The document repository can be local or
remote. Local documents are saved on the hard disk of the
PC, it is the more common use case, and it has been used as
the validation scenario.

When documents are saved in a remote repository, all the
cloud technologies can be used, like FTP servers, Dropbox,
or Google Drive tools. It brings more control for the end-
user, more flexibility for last minute changes, and even better
diffusion options once talks, conferences, or lectures have
been finished.

4. RFID Presenter

This chapter describes the design of the RFID Presenter,
the functional and nonfunctional requirement description,
hardware and software considerations, and the 3D printing
of the mechanical packaging.

The main and novel goal of this project is to integrate the
RFID identification to a remote presenter. In any conference,
talk or lecture, all speakers can be identified with an iden-
tification card, so let us consider that those cards are RFID
cards in order to personalize each end-user talk regarding
their presentation documents (slides, videos, PDFs, etc.).This
is possible integrating a RFID reader to the presenter and
transmitting the ID to the CM application.

The system requirements can be described as follows.

(i) The prototype has to be as close as possible to a
commercial product: the working group has to make
a hard effort in the definition of the requirements to
create a prototype that can be compared with other
real products.

(ii) The device has to be user-friendly: the presenter is
the only input interface between end-user and the
projector so the physical design has to be ergonomic
but with extended capabilities.

(iii) A presentation can have several documents: the end-
user has to be able to switch the document shown to
the audience.

(iv) The system has to be able to work continuously
during one conference’s session: in the worst case,
a conference starts in the morning at 8AM and
finishes before the lunch at 2 PM; and in the afternoon
it usually spends less time. We specified 12 hours
autonomy as the minimum time that it has to run
without interruptions.

All of these requirements have been taken into account in
the design process. Now they are developed more in depth as
the description of the design process.

4.1. Functional Requisites. Analyzing a typical presentation,
the main actions that speakers do during a presentation
are as follows: to start the presentation with one document,
to switch to other documents, to navigate through the
document content, and finally to close all the documents.The
use of the laser pointer is also very welcome.

On the other hand, the system administrator is the person
who has to turn on and initialize the presenter device.

Following the same order of Figure 3, the first function is
the initialization.This is a function done by the administrator
and it pairs the presenter with the PC in the first time; it opens
the wireless connection and checks the link between them. In
this moment, the system is ready to work.

Start the Presentation. The end-user puts his personal iden-
tification card next to the RFID reader. This action will send
the ID to the CM. If the identification is correct, the CM loads
all the presentation documents assigned to the end-user, and
she/he sees only the one she/he chose previously.

Switch Document. One of the added values of the RFID
Presenter is the switching capability between different docu-
ments.The end-user needs to see all documents in the screen
in order to select them according to the talk. To that end,
CM has to show a new layer in the projection with extra
information that allows seeing the document being selected.

Manage the Documents.This work supports these documents
for the validation of the RFID Presenter.

(i) Power Point document: typical presentation docu-
ment byMicrosoftOffice. Main actions over this kind
of document are move forward and backward.

(ii) PDF document: this document format is a standard
between different operative systems so it could be
very useful. Actions defined for this document are as
follows: go to the next or previous page, move to first
or last page, and maybe adjust the document to the
width of the display.

(iii) Video file: a video is very useful to show to the
audience a demo or a prototype in operating. Play
and pause video are basics and controlling the volume
would be very interesting if you cannot check the
acoustics of the conference room.
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Table 1: Defaults functions.

Document Joystick 5-position
Left Right Up Down Enter

PowerPoint Go backward Go forward [No function] [No function] [No function]
PDF document Go to previous page Go to next page Go to first page Go to last page Adjust width display
Video file Move backward Move forward Up volume Down volume Play/pause
Audio file Move backward Move forward Up volume Down volume Play/pause
Flash animation Key “left” Key “right” Key “up” Key “down” Key “enter”
Prezi presentation Go backward Go forward Zoom in Zoom out [No function]

(iv) Audio file: in this case, we also want to start and pause
it; and control the volume of the audio.

(v) Flash animation: in certain areas, a flash animation
can be a good way to show experimental results so we
include this one with a basic interaction.

(vi) Prezi presentation: one example of novel presentation
system so we have integrated this one into conference
application. The main actions are move forward,
move backward, zoom in, and zoom out.

Close the Presentation. When a speaker finishes his presen-
tation the CM has to include an extra visual layer where
speakers can close all the used documents.

Laser Pointer. At any time, the speaker can use a laser pointer
to mark any important part of the document shown. This
option is really useful to give to the audience a visual reference
about the important information.

4.2. InteractionModel. Two viewpoints have been used in the
design of the interaction model, a functional and ergonomic
viewpoint.

(i) Functional design: the presenter has to execute all the
defined functions with the simplest input interaction
system.

(ii) Ergonomic design: the presenter has to be comfort-
able and the interaction has to be as user-friendly as
possible.

These two perspectives have to develop together because
the user has to sense an immediate value gain with the
prototype [6].

The reading of the RFID card is done approaching it to
the RFID reader of the presenter, and it will be marked with
a specific image in order to guarantee a good lecture.

The switching and control of presentation documents will
be done with a digital joystick and five different and clear
interactions: turn left, turn right, turn up, turn down, and
push joystick when it is in the central position. Joystick will
be located at the top of the presenter and can be controller
with the thumb finger. In Table 1 all the actions are related
with these five joystick interactions.

The switch button indicates the switch action, and while
it is pushed the joystick sweeps between other documents.
If the switch button is released the selected document is

Table 2: Interface with the computer.

Function I/O device Notify to PC
Initialization Joystick Yes
Start the presentation RFID Reader Yes
Switch documents Switch button + Joystick Yes
Manager the document Joystick Yes
Close the presentation Switch button + Joystick Yes
Activate laser pointer Laser button + Laser LED No

reproduced. This button is located on the front of the
presenter and can be triggered using the index finder.

The closing function is done with the switch button,
including an extra close session option as a presentation
document. If the end-user selects it all the session is closed.

The initialization is done pushing the joystick in the
central position when the CM asks for the paring validation.

And finally the laser pointer, which is located in the front
of the presenter, is controlled with a dedicated button below
the switch button.

In summary, the RFID Presenter has one RFID reader,
one five-position joystick, two dedicated buttons, and one
laser emitter. Table 2 shows the implemented functions with
their input/outputs interactions. Note that all functions, but
the laser pointer, are transmitted to the CM, as they require
to be projected somehow.

The design is completed with an On/Off switch and two
LED diodes: one blue that is active when the Bluetooth
connection is opened and one green/red that switches when
the battery is low.

4.3. 3D Design. The mechanic design of the RFID Presenter
must fulfill the twomain requirements defined in Section 4.2;
it has to be as close as possible to a commercial product and
it has to be as user-friendly as possible (Figure 4). Moreover,
it must support all the interaction interfaces mentioned
before and the intrinsic fabrication limits within the rapid
prototyping technology.

The design process has been led by continuous end-
user feedbacks over subsequent versions of a rapid prototype
that has been developed with a 3D open source printer
(300 𝜇m). The aim of these feedbacks has been to prioritize
the ergonomic issue while fulfilling the functional and inter-
action requirements. Three iterations have been done until
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5-position joystick

LED diodes

Laser LED

Switch button

Laser button

RFID reader

On/off switch

Figure 4: Button configuration and 3D design.

the last prototype has been considered acceptable by end-
users, which has been printed with an industrial color 3D
precision printer (100 𝜇m). Figure 5 shows the evolution from
the first design to the final prototype.

4.4. Hardware Architecture. The hardware architecture of the
RFID Presenter is shown in Figure 6. It is based on a micro-
controller, a power management electronic, I/O peripherals,
and a Bluetooth transceiver.

The controller is a PIC 18F2520 chip of Microchip, with
8 bits processor, 32 KB flash memory, 25 IO, I2C and UART
hardware communication ports, 3 timers, and so forth.

The battery is a 3.7 V-550mA/h rechargeable LIPO bat-
tery. It can be charged with +5V, such as a USB port, through
MAX1555 integrated circuit; and a simple battery reader,
based on a voltage divider,monitors the energy level (theUSB
port is only used for charge, not for communications). Then,
the power is regulated to 3.3 V with a low dropout regulator
TPS73133 integrated circuit.

The RFID reader is a SM 125 chip of Sonmicro, which can
be read 125KHz. tags. SM 125 can be controlled over UART
port or I2C bus by a controller. In Version 4 of the RFID
Presenter we use UART interface.

The joystick is a generic model and data is sent by digital
signals to the controller. The switch button is an independent
peripheral, a pulse switch model that generates one digital
signal.

The Bluetooth RF communication is done with an EB301
module of A7 Engineering, and it uses serial communication
(UART) between the controller and remote PC.

Finally, the laser pointer is a LM-102-B119 of Wenta
Electronic that works independently to the controller and it
is activated and deactivated with a pulse switch like switch
button.

5. ‘‘Conference’’ Manager (CM)

The conference manager is an easy to use desktop application
whose main view is shown in Figure 7. It has three main
functions: the interface for the initialization process, the
communication gateway with the RFID Presenter, and the
control use of the documents used in the presentation.

The initialization starts with the uploading of all the pre-
sentation documents by the end-user.Then the administrator
links, on one hand, the identification (ID) of the end-user to

the RFID card that will be used in the conference, and on the
other hand, the RFID Presenter with the computer connected
to the projector. The latter requires the selection of the serial
port name, pushing the connect button and confirming over
the presenter device.The initialization is finished pushing the
presentation mode button and setting it in background mode.

The control of the presentation starts as soon as the end-
user puts the conference card next to the RFID Presenter.
The CM checks the ID in the data base and a successful
identification opens the first document, and its associated
viewer that the end-user has previously selected.

The activation of the switch button launches in the CM the
change document menu shown in Figure 8, and the joystick
data activates the functions defined in Table 1.

To finalize the presentation, the end-user has to close his
session and, for this, he has to reply the change document
process but in this case, he has to select the last option
close session in the menu. In Figure 8 we can see the list of
documents and this last option.

In this example the desktop application of Figure 7 shows
one option for the Speaker Management because this version
uses a local repository.When the presentationmode is active,
the conference manager runs the process responsible for
controlling the user presentation and this process does not
know if the documents are in a local or remote repository.

5.1. CM Architecture. The conference manager architecture
(shown in Figure 9) is designed for working independently to
the local or remote repositories. It has been implementedwith
Microsoft.NET framework 3.5 with some external libraries.
Some SW components will be briefly summarized in the next
lines.

Presenter Driver. This component uses a serial port under
the Bluetooth protocol to establish the link with the RFID
Presenter. When a message arrives to the computer, Presenter
Driver validates and formats it before notifying the confer-
ence manager component.

Repository Manager.The main function of this manager is to
isolate the conferencemanager component for the real repos-
itory (local or remote) to guarantee the correct operation of
the system with both repository types. In the local repository
version, end-user data and document references are saved
in a XML file and the documents in a specific folder of the
computer.

Viewers. They are launched by the conference manager
and they receive the joystick’s command. Each kind of
document has its own viewer to implement the appropriate
interaction. For developing these viewers, we use external
libraries and COM components. For example, we use the
Microsoft.Office.Interop.PowerPoint extension for PPT viewer,
PDFnet library for PDF viewer, or Shockwave Flash COM
component for Flash player.

Conference Manager. This component is always waiting for
receiving a notification from the Presenter Driver with a
RFID Presenter message. It executes one or more actions
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Figure 5: Version 1 and Version 4 of the prototype.
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Figure 7: Conference main form.

over the viewers based on the message and the state of the
presentation. These actions can be as follows.

(i) Start a new presentation with a new RFID value: get
end-user data and documents from the Repository
Manager and launch the default document viewer.

(ii) Play a joystick command over the present viewer:
when the conference manager component receives
these kinds of messages, the command will be cod-
ified and sent directly to the current viewer. This
will identify the joystick’s command and execute the
desired function.

(iii) Switch document: this action has three phases; the
first one is an extra layer with the document list
(shown in Figure 8); the second one is the joystick
commands for the navigation between them (no
acting over the viewers); and the last step is the

Figure 8: Switch document menu.

Presenter driver Repository manager

Conference manager

PPT viewer PDF viewer Flash playerVideo player

DDBB Documents

· · ·

Figure 9: SW components within the conference manager architec-
ture.

selection of the new document. In this moment, the
conference manager component closes the extra layer
and the current viewer and launches a new viewer
with the selected document.

(iv) Close the presentation: Finally, the conference man-
ager component closes all viewers and erases the end-
user data and the documents from the temporary
memory to wait for the next end-user.

In Figure 9, the application data only moves in one direc-
tion, bottom-up. This condition can be explained because
the inputs of the system are the RFID Presenter and the
repository; and the outputs are the viewers.

5.2. Document Viewers. The document viewers and their
software design are one of the key parts of this design, and
this design is prepared to easily includemore document types
in the future.

In Figure 10 we can see the simple software architecture
for the document viewers. We have defined an interface with
only three methods (Show, Hide, and ButtonPressed) that
all document viewers have to implement. The conference
manager component always works onto this interface and it
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iViewer
void Show()
void Hide()
void ButtonPressed(JoystickButton button)

ViewerCreator
static iViewer GetVieweer(Document document)

PdfViewerPresentationLauncher FlashPlayerMediaPlayer

Document
DocumentType type
string filePath

Figure 10: Document viewer’s software design (this design is based
on factory method pattern but simpler).

does not have to know what kind of document it is or how it
works.

When the conference manager loads a new document, it
uses the ViewerCreator to get the appropriate viewer and it
calls the Show method to launch the project screen. If the
conference manager component needs to close the viewer, it
uses the Hidemethod and if joystick commands are received
the conference manager component calls the ButtonPressed
method.

5.3. Conference Administration. The system can use a local
repository and in such case the administrator can work in the
computer used in the conference.

But the system can also use a remote repository and the
administration can be done in a Web page by the end-users.
They can register in the Web page and administrate their
own documents and personal information. The conference
administrator only has to associate the conference card to the
web users.

6. Validation

The validation has been carried out during the entire design
process, in order to previously detect those key facts that
many times make the product fail. The validation shown
here is done to the physical device, the presenter, and we
differentiate between technical validation and interaction
validation.

6.1. Technical Evaluation. In this kind of testing, we use the
typical procedures to validate the device such us in-circuit
functional test or a debug port (disabled it for the final
version).

Each component in the RFID Presenter was tested inde-
pendently before being included in the prototype and then,
whenever we develop a new PCB design, they were tested
again. With this methodology, we solved technical problems
very soon and we could develop the latest versions faster.

In the final version, we want to remark an important
functional requirement for the validation of the prototype:
the consumption of the device is low enough towork formore
than 12 hours straight.

Suitable (7%) 

Good (43%)

Excellent (50%)

Usefulness

Suitable (64%) Good (29%)

User-friendlyness

Excellent (7%)Suitable (7%)

Good (64%)

Easiness

Excellent (29%)

Figure 11: Validation results.

RFID reader is the component with higher consumption,
45mA when reads and 20mA when it is not active, but
the device only does one read for each speaker so we can
considered an average consumption of 20mA.

Bluetooth is the other component with an important
consumption. In this case, Bluetooth module consumes
27mA when it is transferring information but less than 5mA
when the module is idle (more than 95% of the time, the
Bluetooth module is in idle mode).

Considering all components, the average consumption of
the prototype is 32,8mAwith consumption peaks of 95.6mA
when RFID reader reads a card and sends its code through
Bluetooth module.

The functionality and, above all, the new services imple-
mented have been tested based on a test protocol defined at
the beginning of develop. It includes six parts with several
questions in each part (power management, buttons, RFID
reader, Bluetooth connection, switch document option, and
laser pointer).

Version 4 of the prototype beats all the test protocol
without any faults.

6.2. Interaction Evaluation. In the final interaction evalua-
tion, we prepared a questionnaire with 12 questions and one
last free question for comments. Also, two members of the
project development wrote down any additional comment
that user could make during the proof.

First questions were about objective information as if the
user had used a presenter before (only half had used one), the
size of the hand measured from the wrist to the end of the
middle finder (the sizes were from 16 to 21 centimeters), or
the hand they usually use (only one user was left-handed).

The rest of the questions can be grouped in three cate-
gories: the usefulness of the system, the easiness to learn and
use the system, and the user-friendliness of the system and
their interfaces. In Figure 11 we present a summary of the user
evaluations for these three main questions.

Test users could evaluate different questions from bad,
suitable, good, to excellent.

Based on these results, users considered the RFIDPresen-
ter very useful and they are capable of using it very quickly but
it could be more comfortable and user-friendly.
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7. Future Work

Followingwith the new services offered to the end-user, in the
remote administrative version, he can personalize actions of
the RFID Presenter. For example, he can set the actions for
go next or previous page in the PDF viewer or even he can
have more actions than buttons and select which actions are
executed with each button.

In present version, web administration system has imple-
mented the minimum code necessary to use it but it does
not include any external repository like Dropbox or Google
Drive. These kinds of repositories are very popular and
many people use them as backup system or to work in
different computers. Also, the system is designed for several
conferences but present implementation only can work with
one conference.

The shown system only consumes documents from the
Cloud but maybe it is possible that generates information
for social networks or for the conference itself (how many
time each speaker consumes, or who is talking in every
moment. . .).

Other possibility in future developments is its integration
into a traditional mouse peripheral. It will be possible with a
trackball in place of the joystick and an extra button to select
this new mode.

8. Conclusions

Every day, systems andusers connected to the Internet upload
new information that can be accessible by any day-to-day
object through a wireless connection.

Current technologies allow us to develop a great variety
of new devices or enlarge the capabilities of existent ones.
Rapid prototyping technologies are one of the key factors in
developing, analyzing, and validating the products based on
the Internet of Things concept. With adding manufacturing
processes we can design, print, and test our product ideas,
without any electronics inside, in really short time.

The development of a presenter, which has end-user
recognition feature and Internet accessibility, lets us imple-
ment new and useful services never seen before. Without a
proper validation during the development of the prototype,
we would not be able to sustain the end-user approval.

The final results demonstrate that end-users appreciate
the new capabilities of the product and also can be a
competitive advantage for the manufactures.
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A new structure of an NFC loop antenna for mobile handset applications is proposed. The proposed antenna consists of
conventional loop elements and a parasitic loop embedded capacitor to enhance its performance. Although the sintered ferrite
sheets with higher relative permeability (𝜇

𝑟
≈ 200) have been used to reduce the performance deterioration due to the eddy current

on the battery pack of a mobile handset, their costs are high, and they are considerably breakable. In this paper, with the proposed
structure, we effectively enhance the performance of an NFC loop antenna by employing the ferrite-polymer composite with lower
relative permeability (𝜇

𝑟
≈ 55).

1. Introduction

A near-field communication (NFC) system has attracted
much attention as a short-range wireless communication
technology at 13.56MHz which allows devices to commu-
nicate through inductive coupling and provides users with
the card mode service and the reader/writer (R/W) mode
service. The demand for a mobile NFC service has been
increased due to its high security without a complex pairing
process [1–4]. Currently, the NFC antenna technology faces
several challenges such as reducing the thickness, high man-
ufacturing costs, and performance degradationwhen it is em-
bedded on the metallic components such as the PCB ground
or the battery pack ofmobile devices. To prevent performance
degradation of an NFC antenna due to an eddy current [5]
on the metallic components near the NFC antenna, a fer-
rite sheet is generally inserted between the NFC antenna and
the metallic components. In most cases, NFC antennas
are embedded in the battery pack of a mobile phone, so
that a sintered ferrite sheet with high relative permeabil-
ity has been attached between the NFC antenna and the

metal case of a phone battery to avoid an eddy current. Also,
a thickness of a ferrite sheet is usually limited in industry
because an NFC antenna must be designed within a very
small volume. Therefore, a very thin (80 𝜇m) sintered ferrite
sheet has been used with high relative permeability (𝜇

𝑟
≈

200) to simply avoid performance degradation of an NFC
antenna due to an eddy current. However, since the sintered
ferrite has higher manufacturing cost and is considerably
breakable, ferrite-polymer composites are interesting as an
alternative in industry. A ferrite-polymer composite is flexible
and durable, and its manufacturing cost is reasonable. But,
due to lower relative permeability (𝜇

𝑟
≈ 55) than that of

the sintered ferrite, it is difficult to effectively reduce an eddy
current and achieve good performance from a conventional
structure of an NFC loop antenna with a thin (80 𝜇m) ferrite-
polymer composite, so that a detection range and a load
modulation level become deteriorated. So far, studies on en-
hancing the performance of an NFC antenna with a ferrite-
polymer composite have not been investigated yet.Therefore,
enhancement of the performance of an NFC antenna with
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Figure 1: Geometry of the proposed NFC loop antenna; (a) overall view, (b) top view printed on FPCB, and (c) side view.

a ferrite-polymer composite challenges and warrants further
study.

In this paper, a novel structure of an NFC loop antenna
is proposed formobile handset applications by improving the
performance of anNFC loop antenna when a ferrite-polymer
composite is attached between the embedded NFC loop
antenna and the phone battery. The proposed loop antenna
has a parasitic loop structure with a capacitor in order to tune
the parasitic loop to be operated at 13.56MHz. The current
direction on the resonated parasitic loop is the same as those
of nearby loop antenna elements. This additional current
from a parasitic loop induces more intensive 𝐻-field in the
near-field region, so that a thin ferrite-polymer composite
sheet can be used for the proposed loop antenna, in spite
of its lower relative permeability. Therefore, in the Euro pay,
MasterCard andVisa (EMV) test for the cardmode and in the
detection range test for the reader/writer (R/W) mode, the
proposed loop antenna gives better performance than that of
a conventional NFC loop antenna when both are attached on
the same ferrite-polymer composite sheet.

2. Antenna Structure and Analysis

Figure 1(a) shows the overall view of the proposed NFC loop
antenna structure. It is printed on the polyimide (𝜀

𝑟
= 3.5

and thickness = 30 𝜇m) FPCB (flexible printed circuit board)

whose size is 45 × 55mm2 as shown in Figure 1(b), and it
is mounted on the battery pack (50 × 60 × 5mm3) of a
mobile phone.The ferrite-polymer composite sheet (𝜇

𝑟
= 55,

tan 𝛿
𝑚
= 0.07, and thickness = 80 𝜇m) is attached by using an

adhesive layer (ADL, thickness = 10 𝜇m) as shown in Figure
1(c).The linewidth of each loop is 1mm, and the gap distance
between loops is 0.5mm. The parasitic loop is printed at
outermost location. A capacitor (880 pF) is embedded in
order to tune this parasitic loop to be operated at 13.56MHz.

Figure 2 shows the simulated 𝐻-field intensity (RMS
value) alongwith a normal direction (𝑧-direction) on the cen-
ter of a conventional loop antenna without a parasitic
loop element for different relative permeability of a ferrite
sheet (thickness = 80 𝜇m) when a conventional 4-turn loop
antenna is assembled as the same layout shown in Figure 1(c)
and connected with a matching circuit toward an NFC chip
(𝑍in = 80Ω) [6]. It is noticed that the relative permeability
value of the ferrite sheet mainly affects the intensity of the
𝐻-field. Also, the lower value of relative permeability may
disrupt the generation of the𝐻-field intensity from the loop
antenna in the near-field region. Thus, a conventional loop
antenna by using a ferrite-polymer composite sheet of lower
permeability (𝜇

𝑟
= 55) may not achieve good performance of

a NFC loop antenna.
Figure 3 shows the simulated𝐻-field intensity along with

a normal direction (𝑧-axis) on the center of a conventional
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Figure 2: Simulated𝐻-field intensity along with a normal direction
(𝑧-axis) on the center of the 4-turn loop antenna by varying relative
permeability of a ferrite sheet (thickness = 80 𝜇m).
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Figure 3: Simulated𝐻-field intensity along with a normal direction
(𝑧-axis) on the center of the loop antenna with varying number of
the loop turns.

loop antenna with varying number of the loop turns when
the ferrite-polymer composite sheet (𝜇

𝑟
= 55 and thickness

= 80 𝜇m) is employed. Even though the number of loop
turns increases, the𝐻-field intensity does not be significantly
enhanced. This is due to the rapid increment of an electrical
resistance, which is a meaningful loss mechanism especially
in the near-field loop antenna, as the number of loop turns
increases [7, 8].Thus, in general, the number of loop turns for
an NFC antenna is restricted by 4 or 5 because the electrical
resistance of a conventional loop antenna wound from the

4-turn loop with parasitic loop (600pF)
4-turn loop with parasitic loop (800pF)
4-turn loop with parasitic loop (1000 pF)
5-turn loop without parasitic loop
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Figure 4: 𝐻-field intensity along with a normal direction (𝑧-axis)
on the center of the loop antenna with varying capacitance of a
capacitor embedded in the parasitic loop.

outermost line into the innermost line is exponentially
increased due to proximity effect among the closely located
loop elements as the number of loop turns increases.

To improve the 𝐻-field intensity when the lower relative
permeability of a ferrite material is used, a novel structure
of an NFC loop antenna is increasingly demanded. The pro-
posed loop antenna shown in Figure 1 has an additional par-
asitic loop structure embedded with a capacitor. When this
parasitic loop structure is coupled by the nearby loop antenna
and resonated at the operating frequency (13.56MHz), the𝐻-
field intensity of the proposed loop antenna is significantly
improved. Figure 4 shows the 𝐻-field intensity with varying
capacitance of a capacitor embedded in the parasitic loop.
It is noticed that the proposed antenna (4-turn loop with a
parasitic loop embedded capacitor) gives more intensive 𝐻-
field than that of a conventional 5-turn loop antenna only.

Figure 5 shows that the current on the resonated parasitic
loop has the same direction as those on the nearby 4-turn
loop antenna. This additional current helps to induce more
intensive 𝐻-field in the near-field region. Thus, although it
has lower relative permeability (𝜇

𝑟
= 55), the thin (80 𝜇m)

ferrite-polymer composite sheet with this proposed structure
of an NFC loop antenna can be applied to reduce per-
formance degradation of an NFC antenna due to an eddy
current. As mentioned, it is more flexible and durable, and
has much lower manufacturing cost than a sintered ferrite
sheet (𝜇

𝑟
≈ 200). Figure 6 presents the𝐻-field distribution of

the proposed loop antenna with the parasitic loop embedded
capacitor (800 pF) in the near-field region. The proposed
antenna generates the 𝐻-field toward the positive 𝑧-axis
direction, but it prevents generating the 𝐻-field toward the
negative 𝑧-axis direction.
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Table 1: Measured inductance and resistance of the proposed antenna.

Inductance, 𝐿
𝑎
[nH] Resistance, 𝑅

𝑎
[Ω]

Conventional 5-turn loop only 1970 13
4-turn loop with a parasitic loop 1350 7

Table 2: Measured results in the card mode and in the R/Wmode tests.

Card mode R/Wmode
Load modulation Level [mVpp]

Detection range [cm]Min. spec. at (𝑟, 𝜙, 𝑧)
8.8 7.2 4.0 2.4

(0, 0, 0) (0, 0, 1) (0, 0, 2) (0, 0, 3)
Conventional 5-turn loop only 27 12 4.4 1.6 46
4-turn loop with a parasitic loop 50 25 11 4.3 56

Reversed
view

Pad for capacitor

Figure 7: Prototype NFC antenna mounted on a mobile handset.
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Figure 8: Operating volume for the EMV test.

3. Measured Result

To verify the performance of the proposedNFC loop antenna,
the prototype antenna is mounted on the battery pack of a
commercial mobile handset embedded NFC chip (PN544,
NXP Semiconductor corp.) [5], as shown in Figure 7. When
the proposed antenna embedded on the phone battery is

mounted on a mobile handset, its inductance and resistance
are measured first as shown in Table 1. With these measured
values, the matching circuit between the NFC chip and
the antenna is designed [6]. After that, the card mode and
the R/W mode tests are conducted. The card mode test is
accomplished by the EMV test which measures a load
modulation level (𝑉

𝑝𝑝
) within a specific operating volume

(𝑟, 𝜙, 𝑧) as shown in Figure 8. The specification of the EMV
test applied is a global standard based on the ISO14443 for
the contactless card payment [7, 8]. In addition, the R/W
mode test is conducted by measuring the detection range
responding to a reference tag (Mifare 1 k). Table 2 shows the
measured detection ranges (R/W mode test) and some of
the measured loadmodulation levels (card mode test). When
a mobile handset is in the R/W mode, the detection range
of the proposed antenna is 56mm. In the card mode, all
of the measured load modulation levels within the specific
operating volume (𝑟, 𝜙, 𝑧) meet the criteria values of an NFC
system when the reader supplies the power of 600mW.

4. Conclusion

A new structure of a compact NFC loop antenna is proposed
for mobile handset applications by adding the parasitic loop
on the outer side of a conventional loop antenna in order to
improve its performance. The proposed antenna is designed
with the ferrite-polymer composite sheet. Although this sheet
has a low relative permeability (𝜇

𝑟
≈ 55), it is more durable

and has lower cost than the sintered ferrite sheet (𝜇
𝑟
≈ 200).

With the same size, the performance of the proposed NFC
loop antenna in a load modulation level for the card mode
test and in a detection range for the R/W mode test is better
than that of a conventional NFC antenna.
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A study on the optically transparent RFID reader antennawhich can operate in both near-field and far-field is proposed in this paper.
The antenna with a dimension of 45mm× 45mm is fabricated using Indium tin oxide film and can operate from 915 to 935MHz
covering the China UHF RFID band.The strong and uniformmagnetic field is excited by magnetic dipole source. Both simulation
and measurement results are shown to illustrate the performance of the proposed antenna. The measured reading distances are up
to 40mm and 100mm for near-field and far-field applications, respectively.

1. Introduction

Recently, UHF RFID systems are getting more and more
attention in a number of practical applications, due to
automatic identification for efficiently tracking and man-
aging objects. Based on types of objects and applications,
inductively coupled near-field working mode is used to
transfer information between reader and tag. Near-field
reading can be useful for objects having metals and liquids
in their vicinity, because normal far-field tags’ performance
is affected by the presence of these objects [1, 2]. Far-
field communication is widely used due to its long read
range. Due to promising performance at item-level tagging
(ITL) of small, expensive, and sensitive objects and different
applications such as pharmaceutical logistics and biosensing
applications, it is considered as a possible solution for ITL in
pharmaceutical and retailing industry.

To design a near-field and far-field UHF RFID antenna,
some structures have been presented. Shrestha et al. use a
segmented loop and a patch, respectively, to achieve near-
field and far-field operations, but they have too large size of
184mm × 174mm [3]. Borja et al.’s antenna has a dimension
of 72.3mm × 72.3mm [4].

UHF RFID systems present several opportunities, for
instance, in clothing stores. One such case would be the
possibility to automatically read the tag associated with a

piece of clothing being tried on in front of a mirror. However,
the conventional reader antennas made of metals damage
the sensory experience of the clients. Thus, an RFID reader
antenna which can ensure invisibility of the antenna is
expected.This feature is attractive for aesthetical reasons and
to avoid that clients feel uncomfortable with unusual devices
in the fitting room.The antenna cannot be hidden behind the
mirror because this is not electromagnetically transparent.
Therefore, we propose in this paper to print an optically
transparent antenna on the glass surface of the mirror.

There are currently several possible materials to create
transparent antennas, like spray-on conductive substances
[5] or metallic conductive films. However, most of these
materials do not present the best optical transparency for
the mirror application. Indium tin oxide (ITO) films seem
to be the most viable solution so far, for they present the
best compromise between optical transparency and electrical
conductivity. Even though the associated ohmic losses reduce
the performance of the antenna, there are ways, such as some
particular deposition techniques [6], to improve conductivity.

In this paper, an optically transparent UHF RFID reader
antenna is proposed with simple and compact configuration
for both near-field and far-field operations. The impedance
bandwidth is suitable for China standard (920–925MHz),
and it can provide the strong and uniform magnetic field
in an adequate interrogation zone. Both simulation and
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Figure 1: Current distributions of (a) one-wavelength-perimeter
loop and (b) folded-dipole loop.

measurements results are provided to illustrate the good
performance of the designed antenna.

2. Antenna Design

Loop antennas are commonly used for inductively coupled
near-field RFID systems. At UHF band, the optimal size of
the loop antenna is electrically large or comparable to the
wavelength. The amplitude and phase distribution of the
current, in the case, is not uniform, and it reverses at every
half-wavelength, which results in a weak and nonuniform
magnetic field at the center of the loop [7], as shown in
Figure 1(a). Some ideas were proposed to solve the problem
of current reverse. A segmented loop antenna can avoid
in-phase of current [8]. Dual-dipoles also can achieve a
uniformmagnetic field in near-field region for pure near-field
operation [9].

A novel folded-dipole loop antenna was proposed as
shown in Figure 1(b). This antenna can achieve a uniform
magnetic field easily and has a good far-field gain.The folded-
dipole is fabricated using ITO film. The electrical properties
of ITO films are specified through the sheet resistance and
coating thickness. In this design, an ITO film with sheet
resistance equal to 7Ω/sq and coating thickness equal to
250 nm is selected for the antenna. The ITO film is printed
on the polyethylene terephthalate with thickness of 0.1mm
and permittivity of 2.25. Detailed dimensions are shown in
Figure 2, 𝑠 = 3mm, 𝑠1 = 8.5mm, the antenna size is 𝐿
(45mm)×𝐿 (45mm), and line width is 1mm.

3. Results and Discussion

Simulations and optimizations were performed using Ansoft
High Frequency Structure Simulator (HFSS) software, which
uses the finite element method (FEM).

Figure 3 shows the fabricated antenna after parameter
optimization.Themeasured 𝑆

11
agreeswith the simulated one

with a slight deviation to the right side by 1MHz as shown
in Figure 4. The measured bandwidth ranges from 916 to
936MHz, which covers the China UHF RFID band.

Feed
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Figure 2: Prototype of the folded-dipole loop antenna.

Figure 3: Photograph of the fabricated antenna.
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Figure 5: Simulated current distribution on the antenna.
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Figure 6: Magnetic field distribution Hz at (a) 𝑧 = 0mm and (b) 𝑧 = 10mm.

The simulated current distribution along this folded-
dipole loop is shown in Figure 5. We can see that the
current reverses at the outer loop, however, which is unidi-
rectional along the inner loop. Figure 6 shows the resulting
𝑧-component of the magnetic field on an 𝑥𝑦-plane above the
antenna at 𝑧 = 0 and 𝑧 = 10mm. We can see that the field
distribution is uniform in the center region.

Based on the fabricated antenna, we measure the read
range and width by using the Impinj UHF button. The test
scene is presented in Figures 7(a) and 7(b) and shows the
prototype of the Impinj UHF near-field tag whose diameter is
around 1 cm. Under the transmission power level of 15 dBm,
the measured reading distance is 40mm. When the tag is
attached to a water-item container, the reading range is still
the same. Additionally, a far-field tag is also measured, and
reading range is around 100mmdue to the good far-field gain
of the reader antenna.When the far-field tag is attached to the
bottle of water, the reading range is reduced to 4.5mm.

Figure 8 shows the measured reading range at different
distances between the reader antenna and tag. We use the
square lattice; its size is 1 cm × 1 cm.

The simulated and measured radiation patterns of the
proposed antenna are, respectively, shown in Figure 9 which

makes the antenna suitable for far-field application. It can be
seen that the gain of the antenna is relatively low compared
with this kind of antenna made of metals, because the con-
ventional metal antenna can achieve the gain of 0 dBi under
the same structure. But the reading range can achieve 1m
when we use a far-field UHF RFID tag and the transmission
power of the reader is 30 dBm. So even though the gain
of the proposed antenna is low because of the ohm loss of
the ITO film, the capability of reading far-field tag is good
enough.

4. Conclusion

In this paper, a novel UHF reader antenna was proposed for
near-field and far-field simultaneous operations. A magnetic
dipole was folded to produce a uniform magnetic field
distribution at UHF. This RFID reader antenna is designed
for the China UHF RFID band. With the Impinj UHF button
near-field tag, the maximum read range obtained was 40mm
under 15 dBm transmission power. The near-field reading
performance was not degraded when the tag was attached to
a water container.The far-field read range, with a commercial
far-field tag, was approximately 100mm. This novel RFID
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(a) (b)

Figure 7: Antenna measurement. (a) Test scene of read range measurement. (b) Impinj UHF button near-field tag.
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Figure 8: Measured read width at 𝑥𝑦-plane. (a) 𝑧 = 10mm, (b) 𝑧 = 20mm, and (c) 𝑧 = 40mm.

60

30

180
150

120

−2

−2

−4

−4

−6

−6

−8

−8

−10

−10

−30

−60

−90

−120

−150

Simulated 920M Simulated 925M
Measured 925MMeasured 920M

0(Z)

90(X)

(a)

60

30

180
150

120

−2−4−6

−2

−4

−6

−8

−8

−10

−10

−30

−60

−120

−150

Measured 925M
Simulated 925MSimulated 920M

Measured 920M

0(X)

90(Y)−90

(b)

Figure 9: Simulated and measured far-field radiation patterns at (a) 𝑥𝑧-plane and (b) 𝑥𝑦-plane.



International Journal of Antennas and Propagation 5

reader antenna can be applied for near-field and far-field
operations.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

Thiswork is supported by theNational Natural Science Foun-
dation of China under Grant no. 61201026, Beijing Natural
Science Foundation (4133091), and Beijing Higher Education
Young Elite Teacher Project (Grant no. YETP0438).

References

[1] D. M. Dobkin and S. M. Weigand, “Environmental effects
on RFID tag antennas,” in Proceedings of the IEEE MTT-S
International Microwave Symposium, pp. 135–138, June 2005.

[2] X. Qing, Z. N. Chen, and C. K. Goh, “Platform effect on RFID
tag antennas and co-design considerations,” in Proceedings of
the IEEE Microwave Conferenc, pp. 1–4, December 2008.

[3] B. Shrestha, A. Elsherbeni, and L. Ukkonen, “UHF RFID reader
antenna for near-field and far-field operations,” IEEE Antennas
and Wireless Propagation Letters, vol. 10, pp. 1274–1277, 2011.

[4] A. L. Borja, A. Belenguer, J. Cascon, and J. R. Kelly, “A
reconfigurable passive UHF reader loop antenna for near-field
and far-field RFID applications,” IEEE Antennas and Wireless
Propagation Letters, vol. 11, pp. 580–583, 2012.

[5] F. Colombel, X. Castel,M.Himdi, G. Legeay, S. Vigneron, and E.
Motta Cruz, “Ultrathin metal layer, ITO film and ITO/Cu/ITO
multilayer towards transparent antenna,” IET Science, Measure-
ment and Technology, vol. 3, no. 3, pp. 229–234, 2009.

[6] C. C. Serra, C. R. Medeiros, J. R. Costa, and C. A. Fernandes,
“Mirror-integrated transparent antenna for RFID application,”
IEEE Antennas and Wireless Propagation Letters, vol. 10, pp.
776–779, 2011.

[7] A. L. Popov, O. G. Vendik, and N. A. Zubova, “Magnetic field
intensity in near field zone of loop antenna for RFID systems,”
Technical Physics Letters, vol. 36, no. 10, pp. 882–884, 2010.

[8] X. Qing, C. K. Goh, and Z. N. Chen, “Segmented loop antenna
for UHF near-field RFID applications,” Electronics Letters, vol.
45, no. 17, pp. 872–873, 2009.

[9] X. Li and Z. Yang, “Dual-printed-dipoles reader antenna for
UHFnear-field RFID applications,” IEEEAntennas andWireless
Propagation Letters, vol. 10, pp. 239–242, 2011.



Research Article
Power Transmission of UHF Passive Embedded RFID in Tires

Shengbo Hu,1,2 Bing Si,3 Heng Shu,1,2 and Jinrong Mo1,2

1 Institute of Intelligent Information, Guizhou Normal University, Guiyang 550001, China
2Department of Guizhou Education, Center for RFID and WSN Engineering, Guiyang 550001, China
3 Institute of New Technology, Guizhou Academy of Sciences, Guiyang 550001, China

Correspondence should be addressed to Shengbo Hu; hsb@nssc.ac.cn

Received 5 August 2013; Revised 28 December 2013; Accepted 30 December 2013; Published 17 February 2014

Academic Editor: Yuan Yao

Copyright © 2014 Shengbo Hu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

UHF passive RFID tags embedded in tires have a deep impact on tire life cycle management and tire monitoring. In this work,
we present the power transmission of UHF passive embedded RFID in tires. In UHF passive embedded RFID systems in tires, the
bidirectional radio link between reader and tags goes through air and tires. The total path loss contains reflection loss at tire-air
boundaries and attenuation loss in the tires. The power transmission is based on the permittivity of tires and tire-air boundary
conditions. We give an OCP method for measuring the permittivity of tires. By analyzing the radio link for UHF passive RFID, we
establish a model of wave propagation of UHF embedded RFID in tires and make numerical analyses. Numerical analyses show
that the error of the OCP methods for measuring the permittivity of tires is small, the parallel polarization and normal incidence
of wave are chosen for improving the performance of the UHF embedded RFID in tires, and distance is chosen to keep power
transmission function from locating valley.

1. Introduction

Acting as sensors, passive RFID tags can avoid sensor nodes
bulky and battery powered. For that reason, UHF passive tags
embedded in tires have been used widely for tire life cycle
management in the USA and the European Union [1, 2]. To
meet the Automotive Industry Action Group’s B-11 standard
for North American,Michelin began offering automakers the
option of purchasing tires with embedded tags [3]. Besides,
the combinations of UHF passive tags embedded in tire and
tire pressure monitoring are paid attention highly to improve
the reliability of tire and tire control systems [4].

However, range has been one of the hardest challenges
in UHF passive RFID embedded in tires, because the rubber
makes it harder to read the tag. When Michelin took off-
the-shelf, UHF passive tags and embedded them in tires, the
read distance dropped to less than three inches [3]. The main
difference between the common RFID and RFID embedded
in tires is communication medium, which attenuates RF
power from the reader in RFID embedded in tires. To
improve the range and reliability of RFID embedded in
tires, it is of great concern to study power transmission of

wave propagation for UHF passive embedded RFID in tires,
because the tags do not contain any battery and rely on the
electromagnetic field for both power and communication.
In this paper, we present the power transmission of wave
propagation for UHF passive embedded RFID in tires and
lay out the foundations for reliable communication in this
environment.

InUHFpassive RFID systems, a bidirectional radio link is
established between reader and tags, which can be classified
a forward link from the reader to tags and a backward link
from the tags to reader [5]. Depending on the characteristics
of reader and tags, the propagation channel properties like
path loss and fading, the power transmission coefficient and
the channel transmissions are investigated in [5–7]. In UHF
passive embedded RFID systems in tires, the bidirectional
radio link between reader and tags goes through air and tires.
The total path loss contains several factors: reflection loss
due to reflected power at tire-air boundaries, attenuation loss
in the tires, and spreading loss which is simply due to the
radiation properties of antenna. Each of these factors can be
analyzed using the permittivity of tires and tire-air boundary
conditions.
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Figure 1: Measuring reflection coefficients with open ended coaxial
probe.

So, this paper focuses on wave propagation for UHF
passive embedded RFID in tires based on the permittivity
of tires and tire-air boundary conditions. Hence, Section 2
presents how to measure the permittivity of tires. Section 3
describes the radio link for UHF RFID systems. Section 4
gives a propagation model of UHF passive embedded RFID
systems in car tires. Section 5 describes numerical calculation
and discussion. Section 6 concludes this paper.

2. Measuring the Permittivity of Tires

2.1. Measuring the Permittivity. Several techniques have been
developed for measuring the permittivity [8–10]. However,
some, such as resonant cavity or wave-guide transmission
line cells, require test hardware machining and destructive
processing. And open ended coaxial probe (OCP) technique
is currently one of themost popular techniques formeasuring
the permittivity. OCP technique can performnondestructive,
broadband (RF andmicrowave bands), and high temperature
measurement. Its well-developed theory makes it possible to
obtain sufficiently accurate results.

A schematic for a coaxial open ended probe is shown in
Figure 1. To reduce significantlymeasuring error, thematerial
being tested is placed in close contact with the probe’s
flat end. The reflection coefficient, measured with a vector
network analyzer (VNA), is used as inverse calculation of the
permittivity of the material.

An equivalent circuit of admittance model for a coaxial
open ended probe is shown in Figure 2. In Figure 2, 𝑌

𝑐
is

the probe characteristic admittance, and 𝑌(𝜔, 𝜀
∗

) is the load
admittance, including the inner admittance 𝑌

𝑖
(𝜔) = 𝑗𝜔𝐶

𝑖

of the capacitance 𝐶
𝑖
between outer conductor and inner

conductor and the outer admittance 𝑌
𝑜
(𝜔, 𝜀
∗

), obtained by
solving the following equation [11]:
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where 𝑘 = 𝜔√𝜇𝜀, 𝜇 is the permeability, 𝜔 is the oper-
ating frequency, (𝜌, 𝜌
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Figure 2: The equivalent circuit of admittance model for a coaxial
open ended probe.

interior and the external radius of the probe. And (1) can be
the series expansion form of (2):
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Equation (3) shows that 𝐶
𝑛
is constant. For convenience, (2)

can be truncated to 3 terms with the 𝐶
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. So,
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where 𝜀
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is the fringing capacitance of the probe,
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is the fringing capacitance generated from a
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is the equivalent conductance

radiated from the probe.
The load admittance 𝑌(𝜔, 𝜀

∗

) can be obtained from the
EM wave reflection coefficient Γ(𝜔, 𝜀

∗

) using the following
relation:
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) = 𝑌
𝑐

1 − Γ (𝜔, 𝜀
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Hence, measuring the permittivity can be performed
using the following steps.

Step 1. Using VNA, we measure the four different reflection
coefficients Γ

1
, Γ
2
, Γ
3
, and Γ

4
associated with the four different

frequencies using a standard material with the known per-
mittivity. Using (4) and (5), the four unknown parameters𝐶

𝑖
,

𝐶
0
, 𝐶
1
, and 𝐶

2
can be solved.

Step 2. Using VNA, we measure the reflection coefficients
Γ associated with some frequencies using the test material.
Using (4) and (5), the permittivity of the test material can be
calculated by a suitable iterative method.

2.2. Measurement Setup for Tires. The tire sidewall and the
position of the RFID tag embedded in tire are displayed in
Figure 3.The tag is embedded parallel to the outer steel mesh
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Figure 3: The RFID tag embedded in tires.
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at a distance that depends on the tire size and ranges from 4
to 8 cm above the inner steel mesh [1].

To reduce significantly measuring error using OCP tech-
nique, the tire sidewall specimen has to meet the following
conditions.

(i) The surface of the tire sidewall specimen has to be flat.
A piece of the tire sidewall is cut out, and the cross
section is polished to obtain a flat surface.

(ii) The specimen has to have semi-infinite thickness so
that the penetration of the fieldmust bemuch smaller
than the specimen’s thickness.

(iii) There must not be air gaps between probe and the tire
sidewall specimen.

Figure 4 illustrates an OCP measurement system. The
system consists of a VNA, a thermometer, a coaxial probe,
and a manipulator with screw for fixing the tire sidewall
specimen. Tightening the screw, the probe is pressed against
the specimen until no more variation of the measurement
results is observed.

2.3. Simulation Verifying Using HFSS. Simulation verifying
using HFSS to verify the measurement accuracy using OCP
technique, an OCP model using HFSS (high frequency

x

y

z

Air box
Port

Open ended coaxial probe

Tire sidewall material

Figure 5: OCP model based on HFSS.

structure simulator) is set up to compare. Given themeasured
permittivity of tire specimen using the measuring methods
presented in Section 2.1, the reflection coefficient is solved
using the OCPmodel. And the simulation and measurement
reflection coefficients are compared.

The OCP model based on HFSS is shown in Figure 5.
In Figure 5, the inner and outer conductors of the probe are
made of gilded brass, and the space between the inner and
outer conductor is filled in Teflon dielectric material. The
tire specimen is modeled as a cylinder. To avoid perfectly
conducting boundaries around the tire sidewall material, an
air box is implemented that surrounds the whole simulation
setup.

3. Radio Link for UHF Passive RFID

In passive UHF RFID systems, a bidirectional radio link is
established between reader and tags, including a forward link
from the reader to tags and a backward link from the tags
to reader. What radio link for UHF passive RFID differs
from conventional radio is that the backward link resembles
radar link. Besides, the RFID tag’s antenna absorbs waves as
a function of its load match and reemits waves as a function
of its load mismatch.

3.1. Power Absorbing Coefficient. RFID tag consists of an
antenna and chip. The impedance matching of tag antenna
and chip strongly influences the RF power transmission
and the communication performance between reader and
tags. Because of IC technological limit, the impedance of a
chip cannot be chosen arbitrarily [12]. So, the chip’s input
impedance is designed to switch between two values, between
the conjugate impedance called as absorbing impedance
𝑍chip1 and other impedance called as reflecting impedance
𝑍chip2. The quality of the impedance match can be defined
by the power absorbing coefficient 𝜏, which is the power
accepted by the chip and the available power 𝑃tag at the
antenna port [5, 12]:

𝜏 =
4Re [𝑍ant]Re [𝑍chip1]

Re [𝑍ant + 𝑍chip1]
2

+ Im [𝑍ant + 𝑍chip1]
2
, (6)
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where 𝑍ant is the tag antenna’s input impedance and 0 ≤ 𝜏 ≤

1. When 𝜏 = 1, all available power is absorbed by the chip.
And when 𝜏 = 0, no available power is absorbed by the chip.
So, the range of frequency that 𝜏 reaches a demand value is
defined as the bandwidth of the tag antenna. This shows that
a best designed tag antenna is very important to improve the
performance of UHF passive RFID.

3.2. Power Transmission Coefficient. In a passive RFID, the
power absorbed by the chip in forward link can be expressed
as

𝑃chip = 𝜏𝑃tag = 𝜏
𝑆21


2

𝑃TX.reader, (7)

where𝑃TX.reader is the transmitted power from reader and𝑃chip
must be higher than the tag’s sensitivity for the tag’s normal
work. And |𝑆

21
|
2 is the power transmitted coefficient in the

forward link, depending on the antenna power transmission
of reader and tag (e.g., antenna gain) and the propagation
channel properties like path loss and fading [5].

The power received by the reader from the tag can be
expressed as in the backward link:

𝑃RX.reader =
𝑆12


2

𝜂𝑃tag =
𝑆12


2

𝜂
𝑆21


2

𝑃TX.reader, (8)

where 𝜂 is the modulation efficiency, which is defined as the
ratio of the power scattered by the tag and the power available
at the tag antenna output. |𝑆

12
|
2 is the power transmitted coef-

ficient in the backward link. As real propagation environment
is symmetrical, |𝑆

12
|
2

= |𝑆
21

|
2.

4. Model of Power Transmission of
UHF Passive RFID Embedded in Tires

4.1. Harmonic Waves. For time-harmonic fields, when the
medium presents a conductivity 𝜎 and permeability 𝜇, at the
operating frequency 𝜔, a permittivity 𝜀

∗, the wave equation
can be written as a time-independent wave equation towards
+𝑧 direction:

∇
2

𝐸 − 𝛾
2

𝐸 = 0, (9)

∇
2

𝐻 − 𝛾
2

𝐻 = 0, (10)

−𝛾
2

= 𝑘
2

(1 − 𝑗 tan 𝛿) = 𝜔
2

𝜇𝜀
∗

, (11)

where 𝜀
∗

= 𝜀


(1 − 𝑗 tan 𝛿) and 𝑘 = 𝜔√𝜇𝜀 is the wave number
corresponding to an unbounded lossless medium with a real
dielectric constant 𝜀

.
For uniform plane waves, ∇

2

= 𝜕
2

/𝜕
2

𝑧, so (9) and
(10) have solutions of the form 𝐸𝑒

𝛾𝑧 and 𝐻𝑒
𝛾𝑧, and the

instantaneous values for the fields are given as follows:

⃗𝐸 = Re {𝐸𝑒
−𝛼𝑧

𝑒
𝑗(𝜔𝑡−𝛽𝑧)

} ,

𝐻 = Re {𝐻𝑒
−𝛼𝑧

𝑒
𝑗(𝜔𝑡−𝛽𝑧)

} ,

(12)
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Figure 6: RFID scenarios.

where the attenuation constant 𝛼 and the phase constant 𝛽

can be expressed respectively as follows [13]:

𝛼 = 𝜔(
𝜇𝜀


2
)

1/2

[(1 + tan2𝛿)
1/2

− 1]

1/2

,

𝛽 = 𝜔(
𝜇𝜀


2
)

1/2

[(1 + tan2𝛿)
1/2

+ 1]

1/2

.

(13)

So, the electric strength decreases with distance 𝑧 are
given as:

𝐸 = 𝐸
0
𝑒
−𝛼𝑧 cos𝛽𝑧. (14)

Substituting (14) into power equation, we have

𝑃 = 𝑃
0

cos 2𝛽𝑧
 𝑒
−2𝛼𝑧

. (15)

4.2. Power Transmission for RFID Embedded in Tires. The
RFID scenarios in space and embedded in tires are shown in
Figure 6. In Figure 6, the incident angle of waves is 𝜃

𝑖
.

In the free space, the absorbing power by the RFID tag is
given as

𝑃chip = 𝜏𝑃tag = 𝜏
𝑆21


2

𝑃TX.reader

= 𝜏(
𝜆

4𝜋𝑅
)

2

𝐺
𝑇
𝑃TX.reader,

(16)

where 𝜆 is the free space wavelength, 𝑅 is the distance from
RFID reader, and 𝐺

𝑇
is the gain of the tag’s antenna.
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In the scenarios embedded in tires, (16) can be modified
as

𝑃chip = 𝜏𝑃tag = 𝜏
𝑆21


2

𝑃TX.reader

= 𝜏(
𝜆

4𝜋𝑅
1

)

2

𝑇𝑐

2

𝐺
𝑇

cos 2𝛽𝑙
 𝑒
−2𝛼𝑙

𝑃TX.reader

= 𝜏(
𝜆

4𝜋𝑅
1

)

2

𝐺
𝑡
𝑇 (𝑓, 𝜃

𝑖
, 𝑙) 𝑃TX.reader,

(17)

where 𝑅
1
is the distance between tires and the reader, 𝑇

𝑐

is electric field transmission coefficient at boundary of tires
and free space, and 𝑇(𝑓, 𝜃

𝑖
, 𝑙) = |𝑇

𝑐
|
2

| cos 2𝛽𝑙|𝑒
−2𝛼𝑙 is power

transmission function, depending on 𝜃
𝑖
and the distance 𝑙 in

tires.
When a plane EM wave incident at an oblique angle

on tires interface, there are two cases to be considered:
incident electric field has polarization parallel to the plane
of incidence, and incident electric field has polarization that
is perpendicular to the plane of incidence. So, from the
boundary conditions, that is, continuity of tangential electric
and magnetic fields at the car tire interface, and using the
Snell’s laws of reflection and refraction, the 𝑇

𝑐
can be derived

as follows.

Case 1. Parallel polarization:

𝑇
𝑐

=
2𝜂
1
cos 𝜃
𝑖

𝜂
1
cos 𝜃
𝑡
+ 𝜂
0
cos 𝜃
𝑖

. (18)

Case 2. Perpendicular polarization:

𝑇
𝑐

=
2𝜂
1
cos 𝜃
𝑖

𝜂
1
cos 𝜃
𝑖
+ 𝜂
0
cos 𝜃
𝑡

. (19)

5. Numerical Analyses

5.1. Measuring the Permittivity of Tires. A standard tire
(CPC2205/55 R16 91V) with the known permittivity (the
permittivity is 𝜀



= 3.5 and tan 𝛿 = 0.03 at frequency
866MHz) is used to determine the parameters𝐶

𝑖
,𝐶
0
,𝐶
1
, and

𝐶
2
. Using the measuring methods presented in Section 2.1,

𝐶
𝑖
, 𝐶
0
, 𝐶
1
, and 𝐶

2
are 0.00113 pF, 2.324 × 10–14 pF, 1.518 × 10–

42 pF, and 1.6345 × 10–50 pF, respectively.
The measuring results for reflection coefficients in a

Smith chart are shown in Figure 7, using a test car tire (GL
274A, made in Guizhou Tire Co., LTD., China) with a vector
network analyzer (AV 3629/A) between 100MHz and 5GHz
at room temperature. Using (4) and (5), the permittivity of
the test car tire can be determined to be 𝜀



= 3.78 and
tan 𝛿 = 0.038.

Measuring and simulation results can be compared using
the methods presented in Section 2.3. In the OCP model,
the inner and outer radiuses of the probe are 0.65mm
and 2.35mm, respectively. The thickness of Teflon with a
relative permittivity of 𝜀

 and tan 𝛿 = 0.001 is 1.35mm. The
test tire is modeled as a cylinder with a radius of 10mm
and a height of 10mm. The absolute error of the real part
of simulation and measuring coefficients and the absolute
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Figure 7: Measured reflection coefficients of a test car tire.
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error of the imaginary part of these versus frequency are
shown in Figure 8. And the absolute error of the simulation
and measuring coefficients is shown in Figure 9. Figures 8
and 9 show that there is small deviation (<0.004) between
simulation andmeasurement. So, it shows that the numerical
simulation has good agreement with physical experiment,
and the methods measuring the permittivity of tires are
feasible.

5.2. Effects of Incident Angle 𝜃
𝑖
on 𝑇
𝑐
. The permittivity of the

test tire is 𝜀


= 3.78 and tan 𝛿 = 0.038 at frequency 866MHz
from Section 5.1.The incident angle 𝜃

𝑖
is 0∘∼90∘. Amagnitude

of 𝑇
𝑐
for the parallel and perpendicular polarization is shown

in Figure 10.
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In Figure 10, 𝑇
𝑐
for the parallel and perpendicular polar-

ization decreases with increasing incident angle 𝜃
𝑖
. 𝑇
𝑐
for the

perpendicular polarization decreases faster than 𝑇
𝑐
for the

parallel polarization. This conclusion can be obtained from
the experiment in Figure 11. The experiment setup contains
a reader XC-RF807 and two liner polarization antennae XC-
AF26 (one is a horizontal polarization antenna and the other
one is vertical polarization). The carrier frequency of the
reader is 866MHz, and the power o is 30 dBmW.The gain of
the antenna is greater than 12 dBi, and the frequency range is
from 840MHz to 868MHz. The distance between GL274A
tire and reader is 1m, and the depth of the tag embed in
the tire is 9mm. Figure 12 shows the relation between the
identification rate and angle of incidence.

Figure 11: Experiment setup.
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Figure 12: Relations between angle of incidence 𝜃
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and the identifi-

cation rate.

So, the parallel polarization and normal incidence are
chosen for improving the performance of UHFRFID embed-
ded in tires.

5.3. Effects of Distance 𝑙 on 𝑇(𝑓, 𝜃
𝑖
, 𝑙). For convenience, The

incident angle 𝜃
𝑖
is 0∘, and the permittivity of the test tire

is 𝜀


= 3.78 and tan 𝛿 = 0.038 at frequency 866MHz
f. A magnitude of 𝑇(𝑓, 𝜃

𝑖
, 𝑙) for the distance 𝑙 is shown in

Figure 13.
In Figure 13, 𝑇(𝑓, 𝜃

𝑖
, 𝑙) decreases periodically with

increasing the distance 𝑙 in tires. This conclusion can
be obtained from the experiment in Figure 11. In this
experiment, 8 GAL274A tires are used from Guizhou tire
limited company in China. When the tires are vulcanizing,
the depths of the tag embedded in the tire are 0.0mm (tag is
pasted on the surface of the tire), 3.0mm, 6.0mm, 9.0mm,
12mm, 15mm, 18mm, 21mm, and 24mm, respectively
(because of the limitation of the thickness of the tire, the
biggest embedded depth is 24mm). Figure 14 shows the
relation between the recognition rate and the embedded
depth 𝑙. It means the recognition rate of tire embedded RFID
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system declines along with 𝑙 also fluctuates along with 𝑙.
This means the power transmission of tire embedded RFID
system declines along with 𝑙 also fluctuates along with 𝑙.

So, the distance 𝑙 is chosen to keep𝑇(𝑓, 𝜃
𝑖
, 𝑙) from locating

valley.

6. Conclusions

From now on, UHF RFID tags embedded in tires have a deep
impact on tire life cycle management and tire monitoring. So,
we present the power transmission of wave propagation for
UHF embedded RFID in tires.

In UHF passive embedded RFID systems in tires, the
bidirectional radio link between reader and tags goes through
air and tires.The total path loss contains reflection loss at tire-
air boundaries. So, we give the OCP method for measuring
the permittivity of tires. By analyzing the radio link for UHF
passive RFID, we establish a model of wave propagation of

UHF embedded RFID in tires and make numerical analyses.
Finally, we make the conclusion as follows.

(i) The error of the OCP methods for measuring the
permittivity of tires is small. And the methods can
be used in measuring the permittivity of tires for
designing the UHF embedded RFID in tires.

(ii) It is necessary to optimize and design the antenna of
tag for the impedance matching of tag antenna and
chip. This can improve the performance of the UHF
embedded RFID in tires.

(iii) The parallel polarization and normal incidence are
chosen for improving the performance of the UHF
embedded RFID in tires. Finally, the distance 𝑙 is
chosen to keep 𝑇(𝑓, 𝜃

𝑖
, 𝑙) from locating valley.
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RFID technology research has resolved practical application issues of the power industry such as assets management, working
environment control, and vehicle networking. Also it provides technical reserves for the convergence of ERP and CPS. With the
development of RFID and location-based services technology, RFID is converging with a variety of sensing, communication, and
information technologies. Indoor positioning applications are under rapid development. Micromanagement environment of the
assets is a useful practice for the RFID and positioning. In this paper, the model for RFID applications has been analyzed in the
microenvironment management of the data center and electric vehicle batteries, and the optimization scheme of enterprise asset
management is also proposed.

1. Introduction

With the innovation of technology and applications, RFID
requires a combination with other technologies and concepts
of innovative design to meet the application requirements
in different aspects of the management and production. In
this paper, the applications and design for the intensive assets
management are proposed, which are from the concrete
practice of the enterprise asset management of data center
equipment and electric vehicle battery: State Grid Corpora-
tion data center construction and electric vehicles network
construction & operation.

1.1. Overview of Application for Life Cycle Asset Management.
ITAssetManagement based onRFID is a priority for the asset
life-cycle management framework. State Grid Corporation
of China has launched the construction of the centralized
disaster recovery center, the important aspect of which is
condition monitoring for environments and equipment in
large data center. In the construction of electric vehicle
charging service network, battery asset management is an
important foundation for electricity service implementation.

The ultra-large-scale data centers require real-time sens-
ing device status in the room and cabinet, focusing on inter-
nal regional environmental management, including internal

dynamic management of the device in the room, inter-
nal static management of the device in the cabinet, and
collaborative management of the staff. The battery device
management is divided into the storage environment and
external operating environment. Each battery data of the
battery management system in a warehouse environment can
be collected in real time. Real-time status of the battery in
car, obtained by means of the vehicle terminal in the running
environment, ensures regulatory convergence in the open
and warehousing environments.

It improves application performance based on data pro-
vided by the business system as well as combining fine
control of RFID technology. The application is important for
changing the operating approach, enhancing management
level, improving basis of operating efficiency, improving asset
quality, extending equipment life, and optimizing network
asset costs.

2. Proposed RFID Application Model Based on
Cyber-Physical Systems Architecture

Real Time Location Systems are a kind of positioning
method based on radio signal, using active RFID technology.
Other indoor positioning technologies include passive RFID,
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IOT

Location services

Big data

RTLS

Figure 1: RFID-based real-time location system.

Wi-Fi and UWB. The pioneering research of social network
[1], complex network [2–5], big data [6–11], and cyber-
physical systems (CPS) [12–16] is emerging, which change
the understanding of large-scale systems as in Figure 1 shows.
CPS is the integration of computing and physical systems,
which is the next generation of intelligent system to integrate
computing, communication, and control.

In practice, techniques combination and application
innovations can realize the effective management of assets
physical state. Technique combinations include RTLS, RFID,
and sensor technology. Application innovations guide the
scheme for application through the research onRFIDapplica-
tion model based on CPS architecture including acquisition,
transmission, analysis, and decision making.

2.1. Proposed System Structure Model. The large enterprises’
various RFID applications demand is the main factor; thus
the RFID Application Model is proposed as Figure 2 shows.
The model is divided into perception, transmission, calcu-
lation, control, and the supporting unit to form a complete
closed-loop system, wherein the calculating unit includes a
variety of real-time processing engine. This model meets the
design requirements of the corporate assets applications and
open environment applications.

Considering the huge amounts of data, the system needs
to be configured flexible computing unit, capable of handling
multidimensional data associated with the local real-time
processing, timing, and behavior change information, includ-
ing the location and spatial information and flow data, as well
as the internal state and personnel state behavior. In short, the
design model needs to meet the design requirements of the
system in the context of the development of the Internet of
Things and big data.

Considering the location status, time and other factors,
the function𝐶(𝑃,𝐻, 𝑥, 𝑦, 𝑡) of the applicationmodel is estab-
lished, as shown in the formula (1). Through the associated
analysis of the position, status, and other data within the
predetermined time, the preset rules for real-time behavioral
analysis engine are obtained as the initial conditions of the
model function. Subsequently, using the function and initial

conditions, the completeness of the information recorded is
formed:
𝐶 (𝑃,𝐻, 𝑥, 𝑦, 𝑡)

= 𝑃 (𝑥, 𝑦, 𝑡) + Δ𝑃 (𝑡) + 𝐻 (𝑥, 𝑦, 𝑡) + Δ𝑆 (𝑡) .

(1)

In the function, 𝑃(𝑡) represents the device location and
𝐻(𝑡) represents staff position; Δ𝑃(𝑡) represents a relative
position;Δ𝑆(𝑡) represents a change of state; (𝑥, 𝑦, 𝑡) represents
the two-dimensional position coordinates and time.

2.2. Analysis for the Comparative Model. Based on IoT
application model, Big Data technology helps us for deep
relationship. The important difference compared to the pre-
vious design is that the results and forecast information is
quickly obtained through the phenomena associated with
the data analysis, and there is no need to spend too much
time to get the answer for the problem causal association.
Traditional demand models tend to seek causal association,
looking for trends, cycles, and other factors in order to create
the function. For example, the user application requirements
are described through themethod of a random time series, as
shown in the following formula

𝑌 (𝑡) = 𝑓 (𝑡) + 𝑝 (𝑡) + 𝑋 (𝑡) . (2)

In the formula (2), 𝑡 represents time and 𝑓(𝑡), 𝑝(𝑡) are
nonrandom items. 𝑓(𝑡), the trend term, reflects the trend of
the model 𝑌(𝑡) which is changed by linear or exponential
function; 𝑝(𝑡), the periodic term, reflects the cyclical change
of 𝑌(𝑡), such as year, month, day, or hour periodically;𝑋(𝑡) is
a random term, which reflects the impact of various random
factors on𝑌(𝑡).𝑋(𝑡) can be assumed to be a normal stationary
random process. The 𝑓(𝑡) and 𝑝(𝑡) is generally not constant,
and therefore 𝑌(𝑡) is a nonstationary random process. Based
on the above principles, nonrandom items 𝑓(𝑡) and 𝑝(𝑡) can
be obtained through the acquisition system, and the statistics
can be obtained through mathematical methods. Based on
the type of user behavior, random item𝑋(𝑡) can be accurately
adjusted and standardized, and therefore 𝑌(𝑡) has the higher
accuracy, thereby forming a quasi-demand real-time model.

In the formula (1), although each item is random one,
through the analysis of random mass data, certain patterns
of behavior can be extracted as the analysis basis of the real-
time behavior.Massive data analysis does notmean theway of
the traditional mathematical statistics for obtaining samples,
which emphasizes that the complete data is required as the
basis for application, and it does not mean that the analysis of
𝑋(𝑡) from the formula (2) copied to 𝑓(𝑡) and 𝑝(𝑡) can get the
result of the formula (1). There is a fundamental change, and
the data is a whole complete collection.

The design procedures of the real-time behavior analysis
engine come from the early accumulation and effective
analysis of data. This model requires a certain modeling time
𝑇0 before the quasi-real-time system processing and will
finally be able to get the key prediction model. The worth
considering factors are as follows: (1) pay attention to the
relative relationship, combined with the characteristics of
RFID technology; (2) collect contact data as the basis for
modeling future behavior.
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Figure 2: System structure model.

2.3. Consistency Analysis of Large-Scale Enterprise RFID
Applications. In addition to the reliability and effectiveness
of the system, consistency is a major consideration. The
reference architecture depicts the overall application, wherein
each unit division also has contact with each other. Each unit
can be implemented to make a product, or can be used as a
collection of several products, or part of a product. Despite
the fact that the manufactured products have reached some
kind of consistency request or meet the reliability under
certain scenarios, the actual system need pay attention at the
system level due to the change of scene, the integration of
a variety of technologies, and products. Using the unified
model and a simple combination of technologies can easily
ensure application consistency, reliability, and validity.

3. RFID Application Analysis and Solutions

3.1. Problems and Demands for Data Asset Management.
The data assets precise management requirements include:
coordination and management of personnel and equipment
based on traditional RFID asset management applications,
management for differentiated IT assets and dynamic envi-
ronment equipment, access to the status and location identi-
fication, solving communication interference in small closed
environment, the use of a simple and reliable means of
communication to reduce the procurement, and low costs of
installation and maintenance.

3.2. Key Design for Data Asset Management. Integration of
real-time positioning technology, multifrequency communi-
cation technology, sensor technology, assets, and personnel
indoor mobile positioning is proposed to use. The dual-band
communication technology realizes the static positioning
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Device
tags

Personnel tags 
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Figure 3: Design on RFID sensor application in real time
positioning.

and situational awareness of local environmental assets.
Integration of sensors, real-time location technology realizes
equipment, personnel, mobile monitoring, and indoor navi-
gation as shown in Figure 3.

Important components include the following: (1) motion
sensor unit: integrated displacement and motion sensor,
to complete the door opening and closing judgment and
to activate the low-frequency two-way communication of
low-frequency transceiver unit with cabinet asset locator
tab; (2) low-frequency transceiver unit: completing cabi-
net positioning communications and moving the collected
information to the network unit and also can be part of
network unit; (3) network unit: integrated microwave band
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RFID communication module, with low frequency control
module, sound and light alarm module; providing dynamic
positioning with 2.4G microwave signal transmission, con-
trolling the low-frequency transceiver unit with bidirectional
communication; making the alarm and real-time feedback
to remind the manager of job exceptions occurred in asset
management; (4) positioning tag: integrated the active RFID
positioning module with the low-frequency communication
module to complete the 2.4GHz microwave band RFID
positioning and low frequency positioning in rack; integrated
motion/temperature/humidity sensor, sensing themovement
status of the device and the cabinet temperature and humidity
environment; (5) personnel tags: integrated active RFID
positioningmodule to complete the 2.4GHzmicrowave band
RFID location; integrated motion sensors for perception of
staff state; (6) positioning gateway: realizing communication
with network unit and the RFID tag, being as intelligent
front-end unit of the asset monitoring application, running
embedded systems, achieving the transmission of location
data to background systems and databases.

The switch displacement sensor and low-frequency
transceiver unit are installed inside the cabinet. Opening
and closing movements trigger the interaction between posi-
tioning of labels and the cabinet gateway outside. According
to the changes of the environment and equipment state, it
is divided into three states: the cabinet opening with the
device in stationary state, the device in moving state, and the
cabinet closed with the device in stationary state. When the
cabinet is turned on and the device is stationary, the cabinet
network unit starts communication with the positioning
gateway, just updating records and collecting gateway control
commands. Under the motion state of the device, the RFID
positioning function activated by the tag motion sensor is
realizing positioning management in meter level accuracy,
using a rack network unit as an auxiliary landmark. As
cabinets closed with the device in still, the lower frequency
signal transmission is fulfilled by low-frequency transceiver
unit and tags then to be unified for communication by
network unit and positioning gateway. Networking unit and
positioning labels with temperature and humidity sensors
constitute environment perception network inside cabinets,
and the different cabinet network units form the upper
senior-aware network with each other.

In the function (1), the device location 𝑃(𝑡) with relative
position Δ𝑃(𝑡) and personal position𝐻(𝑡) is realized by Tag
and Low-frequency transceiver unit; the state information of
themobile sensing unit acts asΔ𝑆(𝑡). Positioning gateway has
a computing unit functions.

The position information and the environment percep-
tion aremainly realized by hardware, that is, positioning gate-
way, sensor tag, and low-frequency transceiver unit. While
the perception of the state, such as temperature and humidity,
is achieved by the integration of special sensors. The design
uses active RFID positioning technology and the integration
of sensors of various types to achieve equipment location and
status perception, which is cost-effective application of the
cabinets unit and positioning sensor tag.

The simple design of the sensor could judge the state
of the equipment and staff behavior. The data analysis and

Real-time supervision

RTLS
positioning
technology

ERP system

Position info

History info

Figure 4: Vehicles battery supervision using RTLS and ERP.

threshold setting from the use of location data meet the
design requirements of the application model well.

3.3. Problems and Demands for Open Environment Battery
Asset Management. The battery storage management can
refer to similar data asset management scheme described
above. The main difference in warehouse management is
the battery maintenance of large amounts of exchange data,
roughly in the tens to hundreds of megabytes. The data
transmission is the major demand in storage place densely
stacked. Only a small amount of data is returned to the
operator in the course, on account of the use of CAN and trip
computer in conjunction with the mobile communication
network, with the amount of data far less than the static data
exchange and collection frequency being limited.

3.4. Critical Designs for Open Environment Batteries Asset
Management Scheme. Battery storage management has dif-
ferent demands from data asset management, focusing on
data delivery to the exclusion of networking, positioning, and
collaborative technology. It uses active RFID to complete the
Wi-Fi channel open and closed to achieve data transmission.
Figure 4 shows vehicles battery supervision need the combi-
nation of RTLS and ERP.

RFID is not only identification achieved but also an
excitation switch to realize the specified batteryWIFI channel
established. In the actual process, tens to hundreds of battery
management communication can be accomplished only with
several IP addresses. Using RFID as the management of the
address and the communication channel solves the single
battery status data exchange problem, which is a small
proportion of the cost for valuable equipment.

In the operating environment, the battery status infor-
mation collected by the battery management system will
be transmitted to the remote by CAN, ECU and on-board
computer shown as Figure 5. Environmental status of the
battery in the car can be achieved using low-frequency com-
munication. Associated together with cars, 𝑃(𝑡) is realized by
GPS or GSM, and Δ𝑆(𝑡) is obtained by RFID sensor.

3.5. Summaries for Battery Assets Management Practice

(1) WIFI excitations realize detections of the battery in
the shelf.

(2) DTUmonitoring with GPRS dealing with the battery
data transmission.

(3) Battery status collected by BMS is transmitted by the
CAN bus to the vehicle terminal.
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4. Analysis for Application Practice

At present, the existing typical implementations include (1)
passive UHF RFID application, using cabinet near field
antenna design and installation location information, real-
izing equipment inventory and real-time location, is the
case with patented product for data center; (2) active RFID
and rack infrared integrated application: the solution can
be viewed as the integrated application of active RFID and
sensor technology. Real-time location-based applications of
the microenvironment of the data center do not depend on a
single positioning technology advanced but select and define
the product by the actual needs.

(1) Passive RFIDDesign Defects.According to the comparison
between design and model, the relative positional 𝑃(𝑡) is
primarily obtained on the discrete-time 𝑇1, 𝑇2, and 𝑇3, and
so forth. Since adjacent time difference is not the same, along
with the lack of temporal association and relationship of
state and behavior, the design does not fully comply with the
model. In addition, passive RFID location-based applications
need to deploy a large number of antenna and reader, and the
number of antenna elements cannot be changed, although it
is possible to reduce the reader number by port splitters.

(2) Active RFID Scheme Design Features. Based on the above,
relative position Δ𝑃(𝑡) is additionally used with discrete-
time changed into real-time and position increases precisely.
Despite the timing relationship, the lack of the status and
behavioral variables do not fully comply with the model, but
the application has been relatively close.

According to application data characteristics of the
electric vehicles services platform, operation data can be
divided into basic data, information file data, processing
data, periodic data, documents data, and statistics query
data. Currently, big data with real-time sensor data is the
new application. The new practical experiment data would
be collected and presented to justify the practice of these
proposed models.

5. Advantage of Applications from the Model

The change in location, timing, and behavior is as the
information input. The relative position and area position

from active RFID form the basis of the space-time cube
geospatial data. Staff position change improves the interac-
tivity, using multidimensional and massive data modeling
as the formation of real-time applications. The effectiveness
and consistency is improved compared to traditional RFID
systems. In practical applications, the selection of passive
RFID, active RFID, and RFID with sensors tends to the third
which has obvious application value due to the fact that the
prior two are the actual product, and the last is applied to the
actual project.

5.1. Changes for IT Assets Management Application. Real-
time positioning sensors can take into account dynamic,
static, and cabinet-level position identification. The inte-
grated innovation in application mode based on behavioral
analysis can be achieved. For example, classified usage rules
of tags created, the function in each tag dynamic changes.
Classification model is established based on the usage fre-
quency of the tags, and taking advantage of middleware
for the classification management function in Figure 6, the
different units of tag can dynamic wake up and close. The
specific design includes priority for critical equipment to use
active tags; combined with sensor, increasing the equipment
motion recognition; the combination of video and active tags
to increase staff identification and behavior monitoring; real-
time collaborativemanagement of the operation of the device
and persons. In addition, the policy is applied mainly for
the classification of the cabinet-level identification. Just the
cabinet level monitoring with simplified static positioning
accuracy and mobile positioning can record formation of
𝐶(𝑃,𝐻, 𝑥, 𝑦, 𝑡) to form an effective monitoring.

5.2. Benefit of Vehicle Battery Application. The importance
of electric vehicle batteries is obvious, the potential value
of which is the life cycle management, and it is extremely
important for operator to obtain comprehensive data as
commercial design using RFID hardware infrastructure at
different stages. From the perspective of standard and indus-
trial development, we still require the reliable design to meet
electric vehicles battery needs of production, leasing and
operations. However, for State Grid battery management, it
is already an important attempt.
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Electric vehicle asset management and IT assets both
take advantage of RFID technology to enhance the reliability,
security, and trace ability of asset.Thedifference between data
center application and batterymanagement is that the former
is applied to closed environment and the latter is applied in
complex open environment.

6. Conclusions

In the current social environment and development oppor-
tunities, taking advantage of RFID and other technologies,
as well as the practical demand-driven, the new application
ecological system is being formed; some of which are local for
enterprisesmanagement and the others are open applications
that are beneficial to social services, to promote RFID con-
tinuous development.
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The huge progress in electronics technology and RFID technique gives the opportunity to implement additional features in
transponders. It should be noted that either passive or semipassive transponders are supplied with energy that is derived from the
electromagnetic field generated by the read/write device and its antenna.This power source is used to conduct radio-communication
process and excess energy could be used to power the extra electronic circuits, but the problem is to determine the additional power
load impact on the RFID system proper operation and size of interrogation zone.The ability to power the supplementary electronic
blocks applied in the HF passive transponders is discussed in detail this paper. The simulation model and test samples with a
harvester that recovers energy from the electromagnetic field of read/write device and its antenna have been developed in order
to conduct investigations. The harvested energy has been utilized to supply a microprocessor acquisition block for LTCC pressure
sensor developed in research previously described by authors.

1. Introduction

The (radio frequency identification) RFID technique is gen-
erally used in the processes of object identification. The per-
manent cost reduction of a single transponder and standard-
izations of operating conditions for all involved devices affect
the broad implementation of these solutions in security and
access control systems, industrial logistics (material supply
or goods shipment), identification of measurement samples
or valuable materials (in various areas of science, tech-
nology, or medicine), and forth [1–5]. Further improvements
are feasible in many cases thanks to great achievements in
modern electronics and significant progress in new technol-
ogy of hybrid microelectronic circuits [6–8]. For example,
it gives the opportunity to implement additional features in
transponders. The extra functional blocks are usually pow-
ered by a built—in supply source—disposable battery. Unfor-
tunately, since the batteries are used, the costs of applications
with such transponders are very high and system mainte-
nance is inconvenientwith respect to totally passive solutions.
However, it should be noted that either passive or semipassive

transponders are supplied with energy that is derived from
the electromagnetic field generated by the read/write device
(RWD). This power source is used to conduct a radio-com-
munication process and excess energy can be used to power
the extra electronic circuits. But the problem is to determine
the additional power load impact on the RFID system proper
operation and size of interrogation zone (IZ).

The necessity to integrate a pressure sensor made in (low
temperature cofired ceramic) LTCC technology [9] with a
passive transponders consisted not only of a chip and antenna
but also of a radio-frequency (RF) energy harvesting circuit
(Figure 1) has been the key impulse to conduct the presented
research.

The considerations also include interrogation zone (IZ)
determination problems. The IZ is a space around the RWD
where communication and energy conditions are met [6, 10,
11]. Its shape and size is determined by the possibility of per-
forming two tasks: providing transponders with the correct
power supply and, as a result, establishing conditions for data
radio communicationwith the RWD. It is themain parameter
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Figure 1: Block diagram of passive and semipassive RFID system.

because it comprehensively covers the matter of energy and
communication activity of all RFID system parts. Since the
interrogation zone is determined for the whole application
(not for a single device), a knowledge base about essential
properties of RFID equipment is necessary. But unfortu-
nately, producers very often do not specify some essen-
tial electrical and structural parameters for their products.
Because of this, the calculation of basic parameters describing
interrogation zone (e.g., themaximal distance/range between
transponder and the RWD antenna centre) is impossible. At
the present stage of knowledge, it is the main reason why
the practical implementation of anticollision identification
is restrained especially in automated systems operating in
dynamic conditions. In this situation, inefficient and time-
consuming trial and error methods are commonly used
during system configurations. It does not provide reliable
information on the operation and efficiency of the automated
identification processes. The problems of RFID application
predictability become even more important in the context of
placing the physical quantity sensors in battery-less passive
transponders.

The problem is further complicated in anticollision sys-
tems.Themain characteristic of the single identification is the
possibility to recognize only one object labelled with a radio
transponder that has to be alone in the interrogation zone. In
the case of the anticollision system, algorithms of multiaccess
to radio channel are used and the communication process
is carried out simultaneously with several transponders [10].
This makes it possible to automatically distinguish many
objects appearing in the IZ at the same time. In both identi-
fication systems, it is assumed that labelled objects are
present in the operating zone ΩID (Figure 1), but there is no
certainty that they will be recognized. The situation is even
more complicatedwhen the dynamic processes (with variable

location and/or orientation of object in space) will be ana-
lyzed instead of the stationary one (with fixed location and
orientation of objects in space) [12].

In RFID systems, the transponders are supplied with
energy deriving from the electromagnetic field generated by
the RWD. This supply source is always used to conduct a
radio-communication process. But in transponders with sen-
sors (sensors with RFID interface), it is necessary to provide
energy for powering additional functional blocks.

The semipassive transponders (Figure 1) have a built-in
extra source (e.g., lithiumbattery) which can be exchangeable
or not [10]. A part of additional energy can be utilized to
enlarge the size of interrogation zone butmost of it is used for
powering blocks of additional autonomous functions, such as
measurement of physical quantities (humidity [13–15], tem-
perature [16–19], light intensity [18], pressure [20], accelera-
tion [21], gas [22], etc.), and writing gathered data in a built-
in memory. These extra functions are carried out without
the participation of RWDs. Because of battery, these types of
transponders are more expensive (with respect to totally pas-
sive solutions) and have limited durability and there is neces-
sity to replace worn out batteries. According to practice rules
of RFID system usage, there is necessity to mechanically pro-
tect the batteries against thefts or to utilize disposable solu-
tions (such transponders have to be replacedwhen the battery
is exhausted or spoiled). However, it should be emphasized
that the RWD has to be still active for properly conducting
radio communication process, because the extra battery sys-
tem can never be used for activating the transmitting circuit.
It means that the antenna of transponder does not emit the
electromagnetic field as it is in the case of conventional short
range devices (SRD) [23, 24].

Disadvantages of the above mentioned power supply,
development in the branch of new materials, and availability
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of low power integrated circuits as well as trends towards uti-
lizing alternative energy that can be harvested from the oper-
ating environment of RFID systems are the reasonswhymany
current investigations are focused on the integration of sen-
sors with passive transponders [25–29]. The research results
are useful inmany applications of contactless automatic iden-
tification (medicine [30] and healthcare [31, 32], building
industry [33], and supply chains [34]), although it is impos-
sible to save measurement data in memory of such a hybrid
construction without activation of RWD devices.

On the base of elaborated 3D IZ model, authors present
(Section 2) the aspects connected with recovering excess
energy which is supplied by an RWD device and with its uti-
lization to power a pressure sensor with a passive RFID chip.
Using the model and a passive chip with energy harvester,
they propose the construction of sensor with RFID interface
(Section 3) that is designed to work in the HF band of
inductively coupled RFID systems (operating frequency 𝑓

0
=

13.56MHz), according to the communication protocol
ISO/IEC 15693 [35]. Analyzing conducted tests and derived
results (Section 4), readers can see that synthesis model of
3D interrogation zone can be used for predicting spatial
placements of sensors in different kinds of RFID system
applications [36].

2. Model of Passive Transponder with
Energy Harvester

RFID systemsworking in theHFbandutilize the typical oper-
ating frequency𝑓

0
= 13.56MHz. Because the wavelength 𝜆 is

about 22m, the RWD and transponder antennas are made in
the form of small loop in relation to 𝜆. The inhomogeneous
magnetic field generated into the RWD antenna vicinity is
the medium for both transferring energy and wireless data
exchange. The most common mean of data transmission is
the load modulation with amplitude-shift keying. The load
modulation with subcarrier is used because of the necessity
for transferring energy to the passive transponders. These
mechanisms are implemented in protocols normalized by
ISO/IEC 15693, 14443, 18000-3, and others.

The inductively coupled RFID HF systems operate in
the zone for which an inhomogeneous magnetic field

(characterised by the induction 𝐵 or magnetic field strength
𝐻) and strong coupling (characterised by the mutual induc-
tance𝑀) between antennas of the communication set occur
(Figure 2).

The efficiency estimation of energy transmission from
RWD to passive transponder is complicated for this kind
of medium, especially in the proposed solution with auto-
nomous features (e.g., module formeasuring physical quanti-
ties). Since the extra module disturbs the proper operation of
transponder, the careful study of its impact on main param-
eters is compulsory. This problem is explained in details on
the elaborated model of a passive transponder with the active
build-in block for harvesting energy from the RFID system
environment (Figure 3).

The presentedmodel is valid for all antenna arrangements
existing in proximity [37] or long range [38] RWD devices. It
is suitable for the transponder located in a 𝑃(𝑥, 𝑦, 𝑧) point of
the Cartesian coordinate system (Figure 2). It includes all ele-
ments of real solution: loop antenna, chip with extra energy
harvester, and in addition microprocessor for controlling
autonomous features.Themicroprocessor system tasks are to
gather data from sensors (e.g., by using A/C converter) and
write it to a chip internal memory by using a communication
interface (e.g., I2Cbus). It is powered by the harvester and it is
active only when the transponder is in the interrogation zone
and the energy conditions are satisfied.

The antenna loop is a parallel circuit in which 𝐿
𝑇
is the

self-inductance and 𝑅
𝑇
represents the resistance of wire used

for creating the winding and it also characterizes ohmic
losses. The electric capacity 𝐶

𝑇𝑆
is the resultant of all capaci-

tances between the coils and it results from a uniform distri-
bution of wire electrical parameters along the entire length
of winding. The equivalent of loop antenna has been also
included in the general scheme in order to facilitate a sub-
sequent experimental verification (𝑅

𝑇𝑆
and 𝐿

𝑇𝑆
denote the

serial resistance and the inductance of series antenna circuit).
The source 𝑈

𝑅𝑇
represents voltage inducing in the antenna

loop when the transponder is in the magnetic field of read/
write device. It is expressed by (1) where pulsation 𝜔 = 2𝜋𝑓

0

and 𝐼
𝑅
means the current in the winding as

𝑈
𝑅𝑇
= 𝑗𝜔 ⋅ 𝑀 ⋅ 𝐼

𝑅
. (1)
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Figure 3: Model and electric equivalent of passive RFID transponder with energy harvester.

The maximum value of voltage 𝑈
𝑇

on loop antenna
terminals is obtained for the parallel resonance between the
inductance 𝐿

𝑇
and the capacitance 𝐶

𝑇
of active chip. The

capacitance 𝐶
𝑇
is expressed by (2) where 𝐶

𝑇𝐶
means the self-

capacity of chip (an energy storage cell for powering radio
communication processes), 𝐶

𝑇𝐶𝑅
is the resultant of rectifier

and voltage regulator capacitances, and 𝐶
𝑇𝐶𝐻

describes the
electric capacity of energy harvester as

𝐶
𝑇
= 𝐶
𝑇𝐶
+ 𝐶
𝑇𝐶𝑅
+ 𝐶
𝑇𝐶𝐻

≅ 𝐶
𝑇𝐶
. (2)

The synthesis of rectifier and voltage regulator is made
separately [39, 40]. Although the rectification takes place in
a half-wave or full-wave rectifier [41], it is controlled by the
voltage regulator [39]. In the case of passive transponders
working in the HF band, both of the circuits are commonly
realized on fast switching diodes in MOS technology [42]. It
should be mentioned that the proposed model will be also
valid for all blocks manufactured on a flexible substrate in a
printed electronic technology which is possible thanks to the
tremendous progress in the nanomaterial science [43, 44].

The rectifier and voltage regulator are characterized by
the capacitances included in the 𝐶

𝑇
quantity and by the

resistances 𝑅
𝑇𝐶𝑅

and 𝑅
𝑇𝐶𝑆

. These elements of transponder
equivalent affect electric circuit parameters which are seen
at the loop antenna terminals. The 𝑅

𝑇𝐶𝑅
is a generalized

parameter of voltage rectifier circuit obtained on the base of
diode graphical model (static characteristic). Its value mainly
depends on a circuit design and elements included in a spec-
ified construction of chip from a given manufacturer. Since

the piecewise linear approximation of diode characteristic is
generally used in electronic circuit analyses, the linear nature
can be assumed for this value. The second quantity 𝑅

𝑇𝐶𝑆
rep-

resents the internal structure of voltage regulator. Although
this block is used for powering the internal structure of
transponders, it can be assumed that the stabilized voltage
𝑈
𝑇𝐶𝑆

is constant.This approximation is justified due to negli-
gibly small current drawn and limited impact of this phe-
nomenon on circuit parameters seen at the loop antenna ter-
minals.

The variable resistance 𝑅
𝑇𝐶𝐻

represents the harvester
internal structure. If minimum losses are assumed in this
block (the power 𝑃

𝑇𝐶𝐻
at the input is almost equal to the

power 𝑃
𝑇𝐻

supplied to the autonomous feature module), the
resistance value can be determined from (3) in which 𝑈

𝑇RMS
means RMS voltage𝑈

𝑇
and𝑈

𝑇𝐻
, 𝐼
𝑇𝐻

, respectively, dc current
and voltage on the power output of energy harvesting block
as

𝑅
𝑇𝐶𝐻

=
𝑈
2

𝑇RMS
𝑃
𝑇𝐶𝐻

≅
𝑈
𝑇𝐻

𝐼
𝑇𝐻

. (3)

Since the harvester derives energy from the electromag-
netic field of read/write device and therefore affects the inter-
rogation zone, the possibility of its functional property con-
figuration is usually available by manufacturers. Depending
on a chip design, it is possible to reduce or control the output
values of voltage 𝑈

𝑇𝐻
and/or maximum current 𝐼

𝑇𝐻
[45, 46].

These properties describe appropriate operation boundaries
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of energy recovery block and ability to power the autonomous
function modules together with connected sensors.

The modulator capacitance 𝐶
𝑇𝐶𝑀

and resistance 𝑅
𝑇𝐶𝑀

are also included in the model (Figure 3). The proper
transponder operation does not depend on these parameters
in the considered range. It is due to the fact that radio-com-
munication processes are conducted according to ade-
quate protocols (for the HF band: ISO/IEC 15693, 14443,
18000-3, and others) and the loadmodulationwith subcarrier
is used for transmitting data in the transponder-RWD direc-
tion.

Taking into account the underlying assumptions, it is
possible to determine the voltage value induced at the loop
antenna terminals under the load of modelled chip input
circuits (4). Then, the voltage drops in the unloaded divider
𝑅
𝑇𝐶𝑅

and 𝑅
𝑇𝐶𝑆

are described by (5) as

𝑈
𝑇
= 𝑗𝜔 ⋅ 𝑀 ⋅ 𝐼

𝑅

× (1 + ((1/𝑅
𝑇𝐶𝐻
) + (1/ (𝑅

𝑇𝐶𝑅
+ 𝑅
𝑇𝐶𝑆
)) + 𝑗𝜔𝐶

𝑇
)

× (𝑗𝜔𝐿
𝑇𝑆
+ 𝑅
𝑇𝑆
))
−1

,

(4)

𝑈
𝑇
= 𝑈
𝑇𝐶𝑆
⋅ (1 +

𝑅
𝑇𝐶𝑅

𝑅
𝑇𝐶𝑆

) . (5)

Because the 𝑈
𝑇𝐶𝑆

part is constant for 𝑈
𝑇
> 𝑈
𝑇𝐶𝑆

, the
variable resistance 𝑅

𝑇𝐶𝑆
of voltage regulator is given by (6)

𝑅
𝑇𝐶𝑆
=

𝑈
𝑇𝐶𝑆
(𝑅
𝑇𝐶𝐻

(𝜔
2

𝐿
𝑇𝑆
𝐶
𝑇
𝑅
𝑇𝐶𝑅
− 𝑅
𝑇𝐶𝑅
− 𝑗𝜔𝐿

𝑇𝑆

−𝑗𝜔𝐶
𝑇
𝑅
𝑇𝑆
𝑅
𝑇𝐶𝑅
− 𝑅
𝑇𝑆
)

−𝑅
𝑇𝑆
𝑅
𝑇𝐶𝑅
− 𝑗𝜔𝐿

𝑇𝑆
𝑅
𝑇𝐶𝑅
)

× (𝑈
𝑇𝐶𝑆
(𝑅
𝑇𝐶𝐻

(1 + 𝑗𝜔𝐶
𝑇
𝑅
𝑇𝑆
− 𝜔
2

𝐿
𝑇𝑆
𝐶
𝑇𝑆
)

+ 𝑅
𝑇𝑆
+ 𝑗𝜔𝐿

𝑇𝑆
) − 𝑗𝜔𝑀𝐼

𝑅
𝑅
𝑇𝐶𝐻
)
−1
.

(6)

The minimum value of 𝑈
𝑇
(𝑈
𝑇min) voltage is the base

for determining the interrogation zone. The 𝑈
𝑇min value is

the characteristic parameter of chip construction. It clearly
impacts on (7) (where 𝜇

0
= 4𝜋⋅10

−7H/m) and on its base it is
possible to determine the minimum value of magnetic field
strength𝐻min as

𝐻min =

𝑈𝑇min


𝜇
0

⋅

[1 + ((1/𝑅

𝑇𝐶𝐻
) + (1/ (𝑅

𝑇𝐶𝑅
+ 𝑅
𝑇𝐶𝑆
)) + 𝑗𝜔𝐶

𝑇
)

⋅ (𝑗𝜔𝐿
𝑇𝑆
+ 𝑅
𝑇𝑆
) ] (𝑗𝜔 ⋅ 𝑁

𝑇
⋅ 𝑆
𝑇
)
−1
.

(7)

The field strength 𝐻min is the elementary parameter that
defines the IZ. It is differentiated on the base of value 𝑈

𝑇min
for the given direction of data transmission and the kind
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Figure 4: Block diagram of the elaborated transponder.

of operations (read/write) proceeded in the internal trans-
ponder’s memory. The operation of transponderwith the
active harvester is also described by (7). If the 1/𝑅

𝑇𝐶𝐻
factor

is omitted then the 𝐻min parameter is valid for the typical
passive transponder.

3. Implementation of Passive Chip with
Energy Harvester

The special laboratory stand has been made for experimental
verification of the calculated value 𝐻min. The stand allows
to measure the maximum distance between the RWD and
transponder antennas for which the correct operation of
RFID system is ensured.

The batteryless system has been made in order to exem-
plify the possibility of passive chip integration with the pre-
viously presented pressure sensor [9]. The special circuit for
recovering energy from the RFID system environment is the
built-in chip (Figure 4). The presented solution is dedicated
for transponders that work in inductively coupled RFID
systems in the HF band (𝑓

0
= 13.56MHz) and operate

according to the communication protocol ISO/IEC 15693
[35].

The chip M24LR16E-R STMicroelectronics [45] is an
integral part of transponder. It is equipped with a 16 kb EEP-
ROM with a password protection. The memory organisation
depends on the access mode: 2048 B in I2C mode and 512
blocks of 32 b in RF mode. The access is possible by a dual
interface: wireless RFID and serial wire link I2C. The energy
harvesting block can operate in four configurable ranges of
current sink—the maximum value of 𝐼

𝑇𝐻max (Figure 3) is
equal to 6mA, 3mA, 1mA, or 300𝜇A. The internal tuning
capacitance (𝐶

𝑇
= 27.5 pF for 1 Vpp) is included at the loop

antenna terminals.
The square antenna has been synthesised in order to

carry out the experimental verification.Thewinding diagram
of loop antenna (Figure 5(a)) has been developed in the
HyperLynx 3D EM 15.21 package (Mentor Graphics).The test
antenna has been realized practically on a PCB substrate by
using a CNC plotter LPKF ProtoMat S100 (Figure 5(b)).

The project has been prepared for the typical two-
sided FR-4 laminate (thickness: 1.55mm, permittivity: 4.85,
dielectric losses: 0.025 for 𝑓 = 10MHz, thickness of copper:
17.5 𝜇m) and for the assumed parameters of applied chip
(𝐶
𝑇
= 27.5 pF, 𝑓

0
= 13.56MHz). The loop parameters

of model calculated in the HyperLynx 3D EM package
have been confirmed experimentally by measuring the test
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Figure 5: Transponder antenna: (a) HyperLynx 3D EM winding model, (b) test antenna, and (c) differential probe.
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Figure 6: Practical realization of the transponder with harvester of additional energy.

antenna using a two-port network analyzer (Agilent PNA-X
N5242A) and the differential probe (Figure 5(c)) which has
been prepared especially for connecting equipment without
any disturbances.

The antenna impedance 𝑍
𝑇
has been calculated from (8)

on the basis of measured 𝑆-parameters [47] (for 𝑍
0
= 50Ω)

as

𝑍
𝑇
= 𝑗𝜔𝐿

𝑇𝑆
+ 𝑅
𝑇𝑆
= 2𝑍
0

(1 − 𝑆
2

11
+ 𝑆
2

21
− 2𝑆
12
)

(1 − 𝑆
11
)
2

− 𝑆2
21

. (8)

The convergence of measured and calculated data con-
firms the accuracy of realized project (Table 1). The parallel
resonance with the 𝐶

𝑇
capacitance at 𝑓

0
frequency is achiev-

able for obtained parameters. It means that this test antenna
construction allows to effectively transfer energy from the
RWD to the chip and additionally to power the extra feature
blocks.

The expanded sensor block is built on the C8051F988
microprocessor (Figure 6). This (integrated circuit) IC is
the industry’s lowest power microcontroller of 8051 family
(MCU). It consumes as little as 10 nA in a sleep mode (with

Table 1: Calculated and measured parameters of the transponder
antenna.

Parameter HyperLynx calculation results Measurement results
LTS 5.08 𝜇H 5.10 𝜇H
RTS 8.59Ω 8.68Ω

full memory retention) and 150𝜇A/MHz in an active mode,
which saves power when the application runs. It is capable
of operating down to 1.8 V. It also offers the industry’s fastest
wake-up and analog settling time. It is equippedwith all func-
tions needed in the project: 10-bit AD converter for connect-
ing the LTCC sensor, I2C interface for transferring data to
the RFID chip, and 2 built-in supply monitors (brown-out
detector) for the sleep and active modes.

4. Tests and Results

Designed elements of HF long range RFID systems with
inductive coupling (working frequency: 𝑓

0
= 13.56MHz)
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Figure 7: Test stand in the RFID laboratory in the Department of
Electronic and Communications Systems.

have been used to carry out final tests of the elaborated
method useful for determining the minimum value of mag-
netic field strength 𝐻min (read range). All measurements
of the experiment have been performed in the specialized
RFID laboratory.The special test stand has been prepared for
this reason (Figure 7). The parameters used in the equivalent
calculations have corresponded to the parameters of devices
available in the laboratory. The laboratory equipment has
made it possible to conduct all kinds of experimental research
in the range of inductively coupled RFID system activity, in
both the energy and communication aspects.

The square RWD antenna (side length 𝑎 = 0.3m, number
of loop turns𝑁

𝑅
= 1) has been installed in the test stand.The

antenna was supplied by the RWD ID ISC.LR200 FEIG (out-
put power 1W, current in the winding 𝐼

𝑅
= 0.45A). The cal-

culation and measurement results of magnetic field strength
in the symmetry axis of RWD antenna are presented in
Figure 8.

The calculation has beenmade for the antennamodel that
had been considered in [38] in details. The calculated results
have been compared with the measurements obtained in the
laboratory stand using spectrum analyzer R&S FSL18, oscillo-
scope Tektronix DPO71254B, magnetic near-field probe HZ-
14, and also P7504, CT1.

On the base of calculated and measured result conver-
gence, the correctness of magnetic field strength determi-
nation in the elaborated test stand has been confirmed. The
possibility of energy harvesting on different kinds of its
value level has been also estimated. It has been necessary in
order to establish appropriate conditions for powering the
autonomous functions of the designed transponder.Themea-
surement results of chip harvester efficiency are presented
in Table 2.Themeasurements have beenmade by a Tektronix
DMM4020 digital multimeter. The power consumption vari-
ations have been obtained by using elaborated load simulator

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

M
ag

ne
tic

 fi
el

d 
str

en
gt

h 
H

 (A
/m

)

Distance from the center on axis of symmetry
of RWD antenna loop z (m)

Calculation
Measurement

Figure 8: Magnetic field strength in test stand.

Table 2: Measurements of power efficiency for energy harvesting
block.

RFID chip configuration
(maximum current 𝐼

𝑇𝐻
) 𝐼

𝑇𝐻
𝑈
𝑇𝐻

𝑃
𝑇𝐻

mA mA V mW

3

0.30 3.28 1.0
0.50 3.20 1.6
0.70 3.13 2.2
0.90 3.05 2.7
1.00 3.02 3.0
1.20 2.95 3.5
1.40 2.89 4.0
1.60 2.83 4.5
1.80 2.77 5.0
2.00 2.72 5.4
3.00 2.51 7.5

6 4.00 2.30 9.2
5.00 2.11 10.6

(it changed the power levels according to predicted activities
of microprocessor control system).

The main application parameters of test transponders
have been determined on the base of above mentioned
calculations and measurements (Table 3).

The calculations have been performed for transponder
model described by (6) and (7). The mathcad environment
has been used for preparing calculation program tools.
The data in Table 3 represents three modes of designed
transponder: (1) energy harvester OFF, (2) energy harvester
ONand𝑃

𝑇𝐻
= 1mW, and (3) energy harvesterONand𝑃

𝑇𝐻
=

4mW.The power 𝑃
𝑇𝐻

has been measured by an oscilloscope
Tektronix DPO71254B with probes P7504 CT1 (index a in
Table 3).
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Table 3: Calculated and measured parameters of the developed transponder.

Transponder state Status of energy harvester 𝑃
𝑇𝐻

Parameter Calculating results Measuring results

1 OFF a0mW 𝑧
𝐼𝐷 — b0.6m

𝐻min

c0.028A/m
d0.027A/m

e0.027A/m

2 ON a1mW 𝑧
𝐼𝐷 — b0.35m

𝐻min

c0.120A/m
d0.121 A/m

e0.123A/m

3 ON a4mW 𝑧
𝐼𝐷 — b0.19m

𝐻min

c0.461 A/m
d0.454A/m

e0.462A/m
aMeasurement: oscilloscope Tektronix DPO71254B, probes P7504, CT1.
bUID measurement: inventory command (0x01) ISO/IEC 15693 (FEIG ID ISOStart 2011 version 08.03.01).
cCalculation: equation (7) for RWD-transpondermodel (square RWDantennamodel [38]; transponder antenna loop: HyperLynx 3DEMmodel; chip: product
specification data).
dCalculation: RWD antenna model on the base of measured 𝑧

𝐼𝐷
.

eMeasurement: spectrum analyzer R&S FSL18, magnetic near-field probe HZ-14.

The real communication process has been carried out
between the RWD device and the prepared test samples of
analyzed transponder and the transmission correctness has
been controlled by the spectrum analyzer Tektronix RSA
3408B. The parameter 𝑧

𝐼𝐷
has been determined as the basic

quantity of the interrogation zone and it denotes the maxi-
mum operating distance (read range) of transponder located
in the symmetry axis of RWD antenna loop. The indexb in
Table 3means themeasurement of unique identifier (UID) in
the test stand for inventory command (0x01) ISO/IEC 15693
(FEIG ID ISOStart 2011 version 08.03.01).

Calculations of the𝐻min have beenmade by twomethods.
The indexc in Table 3 means that the calculations result
from (7) for the RWD-transponder model (square RWD
antenna model [38]; transponder antenna loop: HyperLynx
3D EM model; chip: product specification data). The indexd
in Table 3 means that the calculations result from RWD
antenna model derived on the base of measured 𝑧

𝐼𝐷
. The

minimum value of magnetic field strength 𝐻min (indexe
in Table 3) has been measured by means of the spectrum
analyzer R&S FSL18 and magnetic near-field probe HZ-14.

The result convergence confirms the accuracy and cor-
rectness of developed simulation equivalent to real passive
transponder with harvesting module.

5. Conclusion

The basic application parameters presented in Table 3 have
been calculated for the passive transponder electric circuit
equivalent and also the same quantities have been measured
for the test electronic circuit.The verification of the developed
model is confirmed on the base of the obtained result con-
vergence.The developedmethodology for testing passive and
semipassive transponders with harvester that derives energy
from RFID system environment is the key approach to deter-
mine the tree-dimensional interrogation zone (e.g., by using
Monte Carlo method [36]) for both single and anticollision
RFID systems. It provides reliable information on the opera-
tion and efficiency of automated identification processes and

it allows RFID system designers to eliminate inefficient and
time-consuming trial and error methods.
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write device antenna forHF proximity range RFID systemswith
inductive coupling,” Przeglad Elektrotechniczny, vol. 88, no. 3,
pp. 70–73, 2012.

[38] P. Jankowski-Mihułowicz, “Synthesis of read/write device
antenna for HF long range RFID systems with inductive
coupling,” Electronics, no. 8, pp. 73–77, 2010.

[39] M. H. Choi, B. D. Yang, N. S. Kim, Y. S. Kim, S. J. Lee, and K. Y.
Na, “A 13. 56MHz radio frequency identification transponder
analog front end using a dynamically enabled digital phase
locked loop,”Transactions on Electrical and ElectronicMaterials,
vol. 11, no. 1, pp. 20–23, 2010.
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A novel compact and circular polarized antenna is proposed which can be easily fabricated and embedded into RFID readers.
Circular polarization characteristic of the proposed antenna is achieved by introducing a crossed branch.Themodifiedmeandering
line structure gives the antenna compactness characteristic. A prototype is fabricated and measured. The results show that this
circular polarized antenna with compact dimension can cover the Chinese RFID operating band from 920MHz to 925MHz, which
make’s the antenna suitable for handheld terminal application of RFID readers.

1. Introduction

In recent years, UHF RFID systems have moved from
obscurity into mainstream applications due to some of their
attractive features such as good reading ranges, high date
rates, and potentially low cost [1–3]. An RFID system consists
of reader, reader antenna, and tags. Since the tag antennas
are linearly polarized, a circularly polarized RFID reader
antenna is preferred to detect the random orientated tags
[4–7]. In some applications, handheld or portable readers
are required. And also RFID readers are now integrating
with other portable terminal devices such as mobile phone.
In these applications, the RFID reader antennas should be
compact and easily integrated.

Monopole antennas [8–10] have been widely used in
wireless communications with compact characteristic, good
radiation patterns, simple structure, and easy integrationwith
other devices, especially the meandering line structure, but
they are usually used for linear polarization. Relatively very
few designs are available in the open literature for achieving
CP radiation using meandering line monopole structure.

In this paper, an antennawith compact and circular polar-
ized characteristics for RFID reader application is proposed.
The antenna covers the required bandwidths of RFID in
China from 920MHz to 925MHz. Monopole antenna with

meandering line structure is designed to achieve compact
characteristic, and cross loaded branches are used to achieve
circular polarization. One distinguishing feature of the pro-
posed antenna is that meandering line monopole antennas,
which have been widely used in terminals and usually used
for linear polarization, can achieve circular polarization
radiation. Details of the antenna design are presented, and
simulated and measured results are given to demonstrate the
performance of the proposed antenna.

2. Antenna Design

Figure 1 shows the geometry of the proposed antenna. The
antenna is mounted on FR4 substrate with permittivity of
4.4 and dielectric loss tangent of 0.02 and thickness of
1.6mm. Since the antenna is used in handset device, a palm-
size test bench of 120mm (𝐿)∗ 60mm (𝑊)∗ 1.6mm (ℎ)
is included to emulate the handset circuit board. A small
antenna chip with the size of 50mm∗ 6mm∗ 1.6mm is
fabricated perpendicularly on the corner of the slab. In fact,
most of the space is occupied by the test bench, so the space
occupied by the antenna is relatively small.

The antenna is mainly composed of a rectangular ground
with a rectangular clearance at the corner where the antenna
chip is fabricated, a meander line, a feed line, a short line, and
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Table 1: Antenna dimensions.

Parameter 𝐿 𝑊 𝐿
𝑔

𝑊
𝑔

𝐿
𝑧1

Value (mm) 120 67 60 22 50
Parameter 𝑊

𝑧1
𝐿
𝑏1

𝐿
𝑏2

𝑑

Value (mm) 6 35 18 2.5

a crossed branch. The meander line is printed on the small
antenna chip, perpendicular to the test bench. The ground
plane is printed on the back side of the slabwhile the feed line,
crossed branch, and the short line are printed on the front
side of the slab. The meander line and the crossed branch are
fed by the feed line. In the fabricated prototype, a 50Ohm
coaxial line is used to connect the antenna prototype and the
test instrument.

Simulator Ansoft HFSS is used to simulate and optimize
the proposed antenna design. Through numerous simula-
tions, we can find that the impedance matching and AR
bandwidth are primarily dependent on the meandering line
structure and the cross shaped branch, separately.The crossed
branch is a paramount factor and needs serious consideration
in the AR of the designed frequency band. By carefully
selecting the parameter of the cross, a broadband circular
polarization is obtained.The finally chosen dimensions of the
proposed antenna are illustrated in Table 1.

Figure 2 shows the radiation patterns of the proposed
antenna at 920MHz. From the results, we can see that the
antenna has circular polarization characteristic. At one side,
the antenna has left handed circular polarization (LHCP),
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Figure 2: 3D radiation patterns of the proposed antenna. (a) RHCP
pattern. (b) LHCP pattern.

Figure 3: Photograph of the fabricated antenna.

and at the other side, the antenna has right-handed circular
polarization (RHCP). It means that no matter the tags’ ori-
entation and position, the RFID reader antenna can identify
them.

3. Simulation and Measurement Results

In order to verify the proposed antenna design, a prototype
is fabricated as shown in Figure 3. All the measured results
are carried out in anechoic chamber using VNA and other
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microwave test instruments. The simulated and measured
reflection coefficients of the proposed antenna are shown in
Figure 4. As can be seen, the proposed antenna has broad-
band impedance matching characteristic from 850MHz to
950MHz defined by S11 < −10 dB, which covers most of the
current RFID frequency bands.

Figure 5 shows the measured axial ratio in the broadside
direction (𝜃 = 0∘). As can be seen, an AR bandwidth of
around 50MHz from 890MHz to 940MHz for AR ≤ 3 dB is
shown, which means that the antenna achieves good circular
polarization characteristic.

The simulated and measured RHCP radiation patterns of
the antenna in 𝑋-𝑍 plane and 𝑌-𝑍 plane at two different
frequencies 920MHz and 925MHz are compared in Figure 6.
The RHCP gain maximum, which is about 1.5 dBi, is found
about 10 degree’s away from +𝑍 direction, and the beam
width defined by >−3 dBi is about 120 degree’s at 920MHz.
The measured peak RHCP gain at 925MHz is about 2.0 dBi,
and the beam width is about 100 degree’s, narrower than the
lower frequency which is caused by the higher peak gain.
As can be seen, the antenna achieves good CP radiation
patterns.

4. Parameter Study

For the purpose of optimized performance, parametric stud-
ies of the dimensions of the antenna structure are carried out.
In this antenna design, the length of the crossed branches
will have a big impact on the antenna performance, including
the return loss and the axial ratio. In order to investigate the
effects of the length of the crossed branch, we carried out
a parameter study via HFSS. Figure 7 shows the simulated
results of various branch 1 lengths 𝐿

𝑏1
. From Figure 7(a), we

can see that when 𝐿
𝑏1

changes from 34mm to 37mm, the
frequency of S11 < −10 dB goes down. The circular polariza-
tion characteristic will be also affected by the dimension of
branch 1. As shown in Figure 7(b), when 𝐿

𝑏1
is changed from

34mm to 37mm the axial ratio turns worse. Taking into con-
sideration both the return loss and axial ratio performance,
we chose 𝐿

𝑏1
= 35mm as the optimized value in the final

design.
In addition to branch 1, the branch 2 dimension of the

crossed branches is also a sensitive parameter to the antenna
characteristics. Similar to 𝐿

𝑏1
, we also sweep the branch

2 length 𝐿
𝑏2

from 18mm to 22mm. Simulated results of
different 𝐿

𝑏2
values are shown in Figure 8. Figure 8(a) shows

that the working frequency goes down when 𝐿
𝑏2

varies
from 18mm to 22mm. Figure 8(b) shows that the axial
ratio remains unchanged when 𝐿

𝑏2
varies, which means that

the circular polarization characteristic of the antenna is not
sensitive to branch 2 dimension. So the selection of branch 2
length ismainly based on S11 results.We choose 𝐿

𝑏2
= 21mm

as the final optimized value.
The meander line is an important part in the antenna

design, so the internal’s of the meander line 𝑑 is also a
parameter that cannot be ignored. To study how the 𝑑 value
affect’s the antenna, several different values were used to
simulate in HFSS. The results show that axial ratio is not
sensitive to 𝑑 values, but the return loss of the antenna
changed greatly while 𝑑 varies. Figure 9 shows the different
results of S11 in terms of different 𝑑 values. From the figure
we can see that while the value of 𝑑 goes up, the resonance
frequency goes down. This can be obviously seen in terms
of the rule longer current path lower resonant frequency. As
the interval of the meander line becomes bigger, the total
length of the current path get’s longer, so the frequency
reduce.
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Figure 6: Simulated and measured radiation patterns at 920MHz and 925MHz. (a) RHCP gain at 920MHz. (b) RHCP gain at 925MHz.

Finally, the dimension of the ground plane of the antenna
is also a significant parameter that will have great impact
on the antenna performance, including both return loss and
axial ratio. So the parameter 𝐿 should be designed carefully

in order to get a perfect antenna. Several values were tried
in the simulation in order to get the appropriate length of 𝐿.
The simulated results of return loss and axial ratio of different
𝐿 values are shown in Figure 10. Figure 10(a) shows that 𝐿
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mainly affects the impedance bandwidth. Figure 10(b) shows
that the frequency of AR < 3 dB will shift when 𝐿 varies.
While 𝐿 changes from 100mm to 150mm, the frequency of
AR< 3 dB goes down quickly. Taking into account the S11, AR
performance, and fabrication considerations, 𝐿 = 120mm is
finally chosen as the optimized value in the antenn design.

In addition to the parameters mentioned above, the
dimensions of the clearance at the corner of the ground
plane also affect the resonance frequency slightly. So the
parameters 𝑊

𝑔
and 𝐿

𝑔
should be designed carefully to get

good impedance match.
From the analysis above, we can conclude that the axial

ratio is mainly affected by the branch 1 length and ground

length and all the dimensions of the antenna part have effects
on the return loss characteristic.

5. Conclusion

In this paper, a design of compact and circular polarized
RFID reader antennae for portable terminal applications is
proposed. The antenna has the compactness and circularly
polarization at the same time by introducing the meandering
line structure and crossed branch. Both simulation and
measurement results show that the return loss and AR cover
the whole Chinese RFID frequency band.This antenna could
find its application in handheld terminals for mobile RFID
reader system.



6 International Journal of Antennas and Propagation

0.6 0.7 0.8 0.9 1 1.1

0

Re
tu

rn
 lo

ss
 (d

B)

−35

−30

−25

−20

−15

−10

−5

f (GHz)

d = 2.3mm
d = 2.5mm
d = 2.7mm

d = 2.9mm
d = 3.0mm

Figure 9: Comparison of S11 of the antenna with different 𝑑.

L = 100mm
L = 110mm
L = 120mm

L = 130mm
L = 140mm
L = 150mm

0.70.6 0.8 0.9 1 1.1
f (GHz)

0

−10

−20

−30

−40

Re
tu

rn
 lo

ss
 (d

B)

(a)

0.7 0.8 0.9 1
0

5

10

15

20

25

A
R 

(d
B)

L = 100mm
L = 110mm
L = 120mm

L = 130mm
L = 140mm
L = 150mm

f (GHz)

(b)

Figure 10: Comparison of S11 and AR of the antenna with different
𝐿. (a) S11. (b) Axial ratio.

Acknowledgments

This work is supported by the Fundamental Research Funds
for the Central Universities, the National Natural Science
Foundation of China under Grant no. 61201026, and the
Beijing Natural Science Foundation (4133091).

References

[1] Y. Yao, Y. Sui, X. Chen, and J. Yu, “Planar antenna for RFID tags
onmetal platform,” in Proceedings of the InternationalWorkshop
on Antenna Technology: Small Antennas, Novel Structures and
Innovative Metamaterials (iWAT ’11), pp. 408–411, March 2011.

[2] X.Qing, C.K.Goh, andZ.N.Chen, “Abroadbanduhf near-field
rfid antenna,” IEEE Transactions on Antennas and Propagation,
vol. 58, no. 12, pp. 3829–3838, 2010.

[3] G. Marrocco, “The art of UHF RFID antenna design:
impedance-matching and size-reduction techniques,” IEEE
Antennas and Propagation Magazine, vol. 50, no. 1, pp. 66–79,
2008.

[4] S.-H. Jeong and H.-W. Son, “UHF RFID tag antenna for
embedded use in a concrete floor,” IEEE Antennas and Wireless
Propagation Letters, vol. 10, pp. 1158–1161, 2011.

[5] P. V. Nikitin and K. V. S. Rao, “Helical antenna for handheld
UHF RFID reader,” in Proceedings of the 4th Annual IEEE
International Conference on RFID (RFID ’10), pp. 166–173, April
2010.

[6] N.Nasimuddin, Z. N. Chen, andX.Qing, “Asymmetric-circular
shaped slotted microstrip antennas for circular polarization
and RFID applications,” IEEE Transactions on Antennas and
Propagation, vol. 58, no. 12, pp. 3821–3828, 2010.

[7] Z. N. Chen, X. Qing, and H. L. Chung, “A universal UHF RFID
reader antenna,” IEEE Transactions on Microwave Theory and
Techniques, vol. 57, no. 5, pp. 1275–1282, 2009.

[8] Y. Yao, J. Yu, andX. Chen, “Compactmulti-band planar antenna
design,” inProceedings of the Asia-PacificMicrowaveConference,
pp. 1328–1330, 2012.

[9] J. Lu and Y. Wang, “Internal uniplanar antenna for LTE/GSM/
UMTS operation in a tablet computer,” IEEE Transactions on
Antennas and Propagation, vol. 61, no. 5, pp. 2841–2846, 2013.

[10] W. Chen and W. Jhang, “A planar WWAN/LTE antenna for
portable devices,” IEEE Antennas and Wireless Propagation
Letters, vol. 12, pp. 19–22, 2013.



Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2013, Article ID 743468, 8 pages
http://dx.doi.org/10.1155/2013/743468

Research Article
An Advanced Dynamic Framed-Slotted ALOHA Algorithm Based
on Bayesian Estimation and Probability Response

Chaowei Wang, Menglong Li, Juyi Qiao, Weidong Wang, and Xiuhua Li

Information & Electronics Technology Lab, Beijing University of Posts and Telecommunications, P.O. Box 116, Beijing 100876, China

Correspondence should be addressed to Menglong Li; limenglong1861816@163.com

Received 23 May 2013; Accepted 12 July 2013

Academic Editor: Yuan Yao

Copyright © 2013 Chaowei Wang et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper proposes an advanced dynamic framed-slotted ALOHA algorithm based on Bayesian estimation and probability
response (BE-PDFSA) to improve the performance of radio frequency identification (RFID) system. The Bayesian estimation is
introduced to improve the accuracy of the estimation algorithm for lacking a large number of observations in one query. The
probability response is used to adjust responsive probability of the unrecognized tags to make the responsive tag number equal
to the frame length. In this way, we can solve the problem of high collision rate with the increase of tag number and improve the
throughput of the whole system. From the simulation results, we can see that the algorithm we proposed can greatly improve the
stability of RFID system compared with DFSA and other commonly used algorithms.

1. Introduction

In recent years, radio frequency identification (RFID) tech-
nology has been widely used in projects on internet of things
(IOT) around the world. People try to use RFID technology
to improve the efficiency of the processes in the supply chain.
According to the market research analyst IDTechEx (Das,
2005), the cumulative sales of RFID tags for the 60 years
up to the beginning of 2006 reached 2.4 billion, with 600
million tags being sold in 2005 alone [1].With the exponential
growth of needs for RF tags, more of them would be needed
in a range of areas, such as retailing, logistics, animals and
farming, library services, and military equipment [2].

A RFID system consists of readers and tags. Each tag
has a unique ID, and a reader has its own operational range.
When a tag comes into the identification scope of the reader,
it will send its ID combined with other information such
as manufacturer and product type to the reader. Besides, it
can even measure environmental factors such as temperature
which can bring a lot of convenience to the related industries
[3]. However, as the number of tags grows in one place, more
and more tags will communicate with the reader at the same
time and interfere with each other. As a result, the reader
will not get the correct information from each tag. This is

called the tag collision, and it along with the reader collision
constitutes the collision problem of RFID system which is
demonstrated in Figure 1.

To solve the tag collision problem, lots of related
researches have been carried out, and many algorithms
have been proposed. The most widely used anticollision
algorithms are ALOHA method and Binary Search method
[4]. ALOHA algorithm is based on the thought of ALOHA
[5] and combined with the characteristics of RFID system.
Its core idea is to separate the response time of tags and to
make them respond in different time slots in order to avoid
collision.Once the collision occurs, the related tags take time-
backoff mechanism and wait for next round to respond [6].
However, the channel utilization of this algorithm is not as
high as people expect. Its throughput is only 18.4%.Therefore,
framed-slotted ALOHA (FSA) was proposed on the basic of
ALOHA algorithm. Frame is a kind of time length, and it
is divided into several slots. Tags randomly pick one slot to
respond, and it can only respond at the beginning of the slot
[7]. If two or more tags select the same slot, the collision
would happen. Then they all quit this round and wait for
the next frame. By computing, FSA can improve theoretical
maximum throughput up to 36.8%. But it is still not very ideal
in the case of heavy load conditions.
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The reader’s
identification scope

Reader

Tag

Figure 1: Tag collision problem.

Dynamic framed-slotted ALOHA (DFSA) is an advanced
FSA.This algorithm can adjust the size of frame (the number
of slots in one frame) dynamically according to the estimation
of the tags [8]. As we know, the throughput of the system
can reach the maximum when the number of tags is equal
to the frame length [9]. So it is really important to find
an estimation algorithm of high accuracy. At present, the
primary estimation algorithms are minimum tag number
estimation algorithm [10], Jae-Ryong Cha algorithm [11],
and Harald Vogt algorithm [12]. Although these estimation
algorithms play an important role in the way of improving
the efficiency of DFSA, they still have two obvious problems.
The first one is that it is hard to guarantee the reliability of
the algorithm. Currently, the primary estimation algorithms
are all traditional statistical methods. Their accuracy is on
the basis of a large number of observations. However, in a
real RFID system, the reader needs to estimate the number
of tags immediately according to the observations in one
frame. It is impossible to inquire the tags again and again to
get numerous data. As a result, there would be a large error
between the actual value and the estimated value.The second
problem is the “landslide problem” on identification rate of
the tags. When the number of tags is far more than the maxi-
mum of frame length (256) [13], the throughput of the system
would decline rapidly. We call this phenomenon “landslide
problem”. To improve the reliability of the whole algorithm,
we proposed an advanced estimation algorithm based on the
Bayesian estimation and probability response. The advanced
algorithm can use a small amount of observations getting a
relatively accurate estimation of the tag number. In the case
of large tag number, the tags can modify their responsive
probability dynamically tomake the calculated number of the
responsive tags equal to the frame length. In this way, we can
improve the throughput of the whole system and solve the
two problems mentioned above to a great extent.

The remainder of the paper is organized as follows:
in Section 2, a brief description of Bayesian estimation is
presented. In Section 3, firstly, the general steps to estimate
the tag number are introduced, and then an improved
ALOHA algorithm is proposed on two sides (the estimation
algorithm based on Bayesian estimation and the mechanism
of probability response proposed to further improve the

performance of the algorithm). In Section 4, the proposed
algorithm is compared with DFSA on several aspects and
finally some conclusions are drawn in Section 5.

2. The Bayesian Estimation

Bayesian method is a series of theories proposed by British
scholar Bayesian in statistics for inductive inference. With
the development for centuries, the theory is widely used
in different areas for mathematical analysis. Its basic idea
can be expressed as the following example. Assume that
𝐴
1
, 𝐴
2
, . . . , 𝐴

𝑛
are incompatible events and they are of an

event set. Their prior probability is given as {𝑃[𝐴
𝑖
], 𝑖 =

1, 2, . . . , 𝑛} (prior distribution). After the event 𝐵 happens, we
can reassess the probability of𝐴

1
, 𝐴
2
, . . . , 𝐴

𝑛
by the following

equation:

𝑝 (𝐴
𝑖
| 𝐵) =

𝑝 (𝐵 | 𝐴
𝑖
) 𝑝 (𝐴

𝑖
)

𝑝 (𝐵)
=

𝑝 (𝐵 | 𝐴
𝑖
) 𝑝 (𝐴

𝑖
)

∑
𝑖
𝑝 (𝐵 | 𝐴

𝑖
) 𝑝 (𝐴

𝑖
)
.

(1)

From (1), we can see that Bayesian formula takes both
prior information and new information from the test into
account which reflects the transformation from prior distri-
bution to posterior distribution. Therefore, compared with
those algorithms that only consider a part of information,
Bayesian estimation can make our estimation more accurate
in the case without a large amount of statistical data.

The most important issue in Bayesian estimation is how
to determine the prior distribution. Many Bayesian scholars
have proposed several different methods, but they still have
not found a general way for all the cases. For tag collision
problem, as the probability of the tags to select time slots is
constant and it is only decided by the size of frame, we can
calculate prior probability of different cases in advance. So
we can use taking Bayesian estimation into our tag number
estimation algorithm without a large number of calculations
to get prior distribution and can obtain a relatively accurate
result.

Assume that distribution density of population 𝑋 is
𝑝(𝑥, 𝜃), 𝜃 ∈ Θ. Because 𝜃 is a random variable and prior
distribution of 𝜃 is already known, 𝑝(𝑥, 𝜃) needs to be
changed as 𝑝(𝑥 | 𝜃). If 𝑋 = (𝑋

1
, . . . , 𝑋

𝑛
)
𝑇 is the sample

selected from population 𝑋 and the sample value is 𝑥 =

(𝑥
1
, . . . , 𝑥

𝑛
)
𝑇, the joint probability density of sample𝑋 is

𝑞 (𝑥
1
, . . . , 𝑥

𝑛
| 𝜃) =

𝑛

∏

𝑖=1

𝑝 (𝑥
𝑖
| 𝜃) . (2)

So, the joint probability density of sample𝑋 and 𝜃 is

𝑓 (𝑥, 𝜃) = 𝑞 (𝑥 | 𝜃) 𝜋 (𝜃)

= 𝑚 (𝑥) ℎ (𝜃 | 𝑥) .

(3)

Then, we can get

𝑚(𝑥) = ∑

Θ

𝑞 (𝑥
1
. . . , 𝑥
𝑛
| 𝜃) 𝜋 (𝜃) . (4)
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We call ℎ(𝜃 | 𝑥) the posterior distribution of 𝜃 when
sample 𝑋 = 𝑥. In (4), 𝑚(𝑥) is the boundary distribution of
(𝑋, 𝜃) about sample𝑋. If 𝜃 is the continuous randomvariable,
then we can get

𝑚(𝑥) = ∫
Θ

𝑞 (𝑥
1
, . . . , 𝑥

𝑛
| 𝜃) 𝜋 (𝜃) 𝑑𝜃. (5)

3. The Advanced DFSA Based on Bayesian
Estimation and Probability Response

3.1. General Steps to Estimate Tag Number and Frame Length.
In DFSA, suppose that the number of slots in one frame is 𝐿,
the number of tags is 𝑛, and each tag has the same probability
to select each slot in one frame (𝑝 = 1/𝐿). According to the
statistical principles, the probability that 𝑟 tags select the same
slot can be expressed as

𝐵
𝑛,1/𝐿(𝑟)

= (
𝑛

𝑟
) (

1

𝐿
)

𝑟

(1 −
1

𝐿
)

𝑛−𝑟

. (6)

After one frame, themathematical expectation of success-
ful identification slot (𝑟 = 1, only one tag selects the slot),
empty slot (𝑟 = 0, no tag selects the slot), and collision slot
(𝑟 ≥ 2, more than one tag select the slot) can be expressed as:

𝑎
𝐿,𝑛

1
= 𝐿 × 𝐵

𝑛,1/𝐿(1)
= 𝑛(1 −

1

𝐿
)

𝑛−1

,

𝑎
𝐿,𝑛

0
= 𝐿 × 𝐵

𝑛,1/𝐿(0)
= 𝐿(1 −

1

𝐿
)

𝑛

,

𝑎
𝐿,𝑛

𝑘
= 𝐿 − 𝑎

𝐿,𝑛

0
− 𝑎
𝐿,𝑛

1
.

(7)

Therefore, if we know the frame length and tag number,
we can calculate the number of slots in different statuses. In
turn, if we can get the result [𝑎

0
, 𝑎
1
, 𝑎
𝑘
] inquired by the reader

after one frame, the tag number can be estimated by (7). So,
the efficiency of the system is

𝑆 =
𝑎
𝐿,𝑛

1

𝐿
=
𝑛

𝐿
(1 −

1

𝐿
)

𝑛−1

. (8)

To get the maximum of 𝑆, we take derivation of (8):

𝑑𝑆

𝑑𝑛
=

1

𝐿
(1 −

1

𝐿
)

𝑛−1

+
𝑛

𝐿
(1 −

1

𝐿
)

𝑛−1

ln(1 − 1

𝐿
)

=
1

𝐿
(1 −

1

𝐿
)

𝑛−1

[1 + 𝑛 ln(1 − 1

𝐿
)] = 0,

𝐿 =
1

1 − 𝑒1/𝑛
.

(9)

When 𝑛 is large enough, we can get:

𝐿 ≈
1 + 1/𝑛

1 + 1/𝑛 − 1
= 𝑛 + 1 (10)

So, on one side, when the size of frame is approximately
equal to the tag number, the throughput of the system will
reach its maximum. On the other side, considering the size
of frame can only be 𝐿 = 2

𝑖

, 𝑖 = 1, 2, . . . 8, we should
set 𝐿 closest to our estimated value to get the maximum of
throughput.

3.2. The Advanced Estimation Algorithm Based on Bayesian
Estimation. The advantage of the Bayesian estimation is that
it can get a relatively accurate statistical result without a
large number of observations. As we cannot get much data
from one query in the process of tag number estimation, the
accuracy of estimation result always has large errors. So we
bring the Bayesian estimation into our estimation algorithm.
The results from the simulation show that our advanced
algorithm can improve the performance of the system to a
great extent. The details of the algorithm will be introduced
in the following paragraphs.

In DFSA, the tag number has some randomness. So the
tag number can be regarded as a random variable instead of
an uncertain constant.That is to say, the tag numbermeets the
requirements of random variables, and it is a discrete random
variable.

Suppose the tag number is 𝑛 and the initial length of the
frame is 𝐿. When the read cycle begins, tags start to select slot
from the frame. This process obeys binomial distribution of
𝐵(𝑛, 1/𝐿). So the probability of one slot in a frame to be an
empty slot, readable slot, or collision slot is

𝑝
𝑒
= (1 −

1

𝐿
)

𝑛

,

𝑝
𝑠
=
𝑛

𝐿
(1 −

1

𝐿
)

𝑛−1

,

𝑝
𝑐
= 1 − (1 −

1

𝐿
)

𝑛

−
𝑛

𝐿
(1 −

1

𝐿
)

𝑛−1

.

(11)

In the definition process, 𝑝(𝑛) is the priori probability
density of tag number to be estimated, and 𝑛 is from the
sample set which is the observations of the number of slots in
different statuses.We use 𝐽 = {𝑗(0), 𝑗(1), . . . , 𝑗(𝑀)} to express
the sample set. 𝑗(𝑚) = ⟨𝑗

𝑒
, 𝑗
𝑠
, 𝑗
𝑐
⟩ is the observations of the

number of empty slots, readable slots, and collision slots after
the initial frame length of the system.The sample value space
is 𝐸𝑑, and the value space of tag number to be estimated isΘ.
𝜆(𝑛, 𝑛) is the loss function when 𝑛 is the estimation of 𝑛. In
the RFID system, we take 𝜆(𝑛, 𝑛) = (𝑛 − 𝑛)

2.
Then, the total expected risk is

𝑅 = ∑

𝐸
𝑑

∑

Θ

𝜆 (𝑛, 𝑛) 𝑝 (𝑛 | 𝑗) 𝑝 (𝑗) . (12)

We are definite that the conditional risk under the sample
𝑗 is

𝑅 (𝑛 | 𝑗) = ∑

Θ

𝜆 (𝑛, 𝑛) 𝑝 (𝑛
𝑗 ) . (13)

For 𝑅(𝑛 | 𝑗) ≥ 0, the minimal 𝑅(𝑛 | 𝑗) is the minimum of
𝑅 according to Bayesian decision. That is to say,

𝑛
∗

= argmin𝑅 (𝑛 | 𝑗) . (14)
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The way to get the minimum of 𝑅(𝑛 | 𝑗) is derived as follows:

𝑅 (𝑛 | 𝑗) = ∑

Θ

𝜆 (𝑛, 𝑛) 𝑝 (𝑛 | 𝑗)

= ∑

Θ

(𝑛 − 𝑛)
2

𝑝 (𝑛 | 𝑗)

= ∑

Θ

[𝑛 − 𝐸 (𝑛 | 𝑗) + 𝐸 (𝑛 | 𝑗) − 𝑛]
2

𝑝 (𝑛 | 𝑗)

= ∑

Θ

[𝑛 − 𝐸 (𝑛 | 𝑗)]
2

𝑝 (𝑛 | 𝑗)

+∑

Θ

[𝐸 (𝑛 | 𝑗) − 𝑛]
2

𝑝 (𝑛 | 𝑗)

+ 2∑

Θ

[𝐸 (𝑛 | 𝑗) − 𝑛] [𝑛 − 𝐸 (𝑛 | 𝑗)] 𝑝 (𝑛 | 𝑗) .

(15)

In (15),

𝐸 (𝑛 | 𝑗) = ∑

Θ

𝑛𝑝 (𝑛 | 𝑗) . (16)

So,

2∑

Θ

[𝐸 (𝑛 | 𝑗) − 𝑛] [𝑛 − 𝐸 (𝑛 | 𝑗)] 𝑝 (𝑛 | 𝑗)

= 2∑

Θ

[𝐸 (𝑛 | 𝑗) − 𝑛] 𝑝 (𝑛 | 𝑗) [𝑛 − 𝐸 (𝑛 | 𝑗)]

= [𝐸 (𝑛 | 𝑗) − 𝐸 (𝑛 | 𝑗)] [𝑛 − 𝐸 (𝑛 | 𝑗)]

= 0.

(17)

Then,

𝑅 (𝑛 | 𝑗) = ∑

Θ

𝜆 (𝑛, 𝑛) 𝑝 (𝑛 | 𝑗)

= ∑

Θ

[𝑛 − 𝐸 (𝑛 | 𝑗)]
2
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+∑

Θ

[𝐸 (𝑛 | 𝑗) − 𝑛]
2

𝑝 (𝑛 | 𝑗) .

(18)

Because ∑
Θ
[𝐸(𝑛 | 𝑗) − 𝑛]

2

𝑝(𝑛 | 𝑗) has nothing to do
with 𝑛, the minimum of 𝑅(𝑛 | 𝑗) is only decided by
∑
Θ
[𝑛 − 𝐸(𝑛 | 𝑗)]

2

𝑝(𝑛 | 𝑗). Only when 𝑛 = 𝐸(𝑛 | 𝑗),
∑
Θ
[𝑛 − 𝐸(𝑛 | 𝑗)]

2

𝑝(𝑛 | 𝑗) = 0, and we can get the minimum
of 𝑅(𝑛 | 𝑗). Therefore, the optimal estimation is

𝑛
∗

= ∑

Θ

𝑛𝑝 (𝑛 | 𝑗) . (19)

The conditional probability under the observation of
𝑗(𝑚) = ⟨𝑗

𝑒
, 𝑗
𝑠
, 𝑗
𝑐
⟩ [14] is
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𝑗𝑐

.

(20)

Suppose that the value space of tag number 𝑛 is 𝑛 ∈ [1,𝑁].
After normalization processing of (20), we can get

𝑝 (𝑛 | 𝑗) =
(𝐿!/𝑗
𝑒
!𝑗
𝑠
!𝑗
𝑐
!) 𝑝
𝑗𝑒

𝑒
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𝑝
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𝑐
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𝑒
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𝑐
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𝑒
𝑝
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𝑝
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𝑐

. (21)

From (19) and (21), the optimal estimation of tag number
is

𝑛
∗

=

𝑁

∑

𝑛=1

𝑛𝑝 (𝑛 | 𝑗)

=

𝑁
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𝑐

∑
𝑁
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(𝐿!/𝑗
𝑒
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𝑗𝑒

𝑒
𝑝
𝑗𝑠

𝑠
𝑝
𝑗𝑐

𝑐

) .

(22)

3.3. The Mechanism of Probability Response. The advanced
DFSA based on Bayesian estimation and probability response
(BE-PDFSA) can effectively solve the general problem in
process of tag identification. By importing the Bayesian
estimation,we can estimate the tag number accurately.On the
basis of accurate estimation, we can adjust the frame length
rationally according to (10). However, the frame length can
only be selected from {2, 4, 8, 16, 32, 64, 128, 256} because of
the limitation of the reader. So we bring in the mechanism of
probability response to change the responsive probability of
the tags dynamically according to the estimated tag number
and frame length which can be selected.

What is more, in the case of large tag number, the
throughput of the system would drop rapidly with the
increase of tag number which is called the “landslide prob-
lem”. The mechanism of probability response can also solve
this problem by adjusting the responsive probability of the
tags dynamically.

The specific process can be described as follows.
Since we have defined the estimated tag number as 𝑛∗,

therefore the number of unrecognized tags is denoted as 𝑛#
in the rest of paper, which can be calculated by 𝑛# = 𝑛

∗

− 𝑗
𝑠
.

If the frame length which is closest to 𝑛
# is 𝑑

𝑖
, we set the

responsive probability of the unrecognized tags to be 𝑑
𝑖
/𝑛

#. If
𝑑
𝑖
≥ 𝑛

#, the responsive probability will be higher than 1 which
means the number of slots is more than the tag number. In
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this case, the collision rate will not be so high. However, the
responsive probability can only be no higher than 1, so we set
the responsive probability to be 1 whichmeans all the tags will
respond in this frame. If 𝑑

𝑖
< 𝑛

#, the tag number will be more
than the number of slots in one frame. The collision rate will
increasewith the increase of the tag number. By importing the
mechanismof probability response, the number of responsive
tags will be 𝑑

𝑖
in theory instead of 𝑛#, and the throughput of

the system will be increased. In the case of large tag number,
the inequality will change to 𝑑

𝑖
≪ 𝑛

#. The max frame length
of the reader is 256 (𝑑max), and the collision rate will increase
rapidly. However, the mechanism of probability response can
effectively solve the “landslide problem” by decreasing the
number of responsive tags to the frame length.The tagswhich
are not selected will wait for the next frame and repeat the
upper process.

3.4. Working Process of the Whole Algorithm. By importing
the Bayesian estimation and the mechanism of probability
response, BE-PDFSA can improve the performance of the
whole system significantly. Bayesian estimation is mainly
used in the process of tag estimation to get an accurate
estimation of the tag number. The mechanism of probability
response is used in the process of response to further reduce
the collision rate of the system especially in the case of large
tag number. In this way, we can try our best to make the
number of tags to respond in one frame equal to the frame
length we select in order to maximize the throughput of the
whole system and minimize the collision rate. In order to let
everyone have a clearer understanding of the whole process,
the proposed algorithm procedure can be divided into the
following four steps.

Step 1. Setting the initial frame length 𝐿 and sending the
request command to tags asking for their information.

Step 2. All the tags randomly select one slot to respond and
finish the identification of one frame.

Step 3. Count the result of this frame (𝑗
𝑒
, 𝑗
𝑠
, 𝑗
𝑐
) and use the

result to estimate the tag number (𝑛∗) through our estimation
algorithm.

Step 4. Calculate the number of unrecognized tags 𝑛
#

(𝑛# = 𝑛
∗

− 𝑗
𝑠
). Select the value of frame length 𝑑

𝑖
from

{2, 4, 8, 16, 32, 64, 128, 256} which is the closest to the unrec-
ognized tag number 𝑛# and adjust the responsive probability
of the tags to be 𝑑

𝑖
/𝑛

#. Then, turn to Step 2.

If the query result from the reader is ⟨𝑗
𝑒
= 𝑑
𝑖
, 𝑗
𝑠
= 0, 𝑗

𝑐
=

0⟩ for continuously three times, the algorithm will judge that
all the tags are recognized and quit the cycle.

We can see it more clearly from Figure 2.

4. Simulation Results and Analysis

4.1. Settings of the Simulation Scene. In RFID system, the aim
of using anticollision algorithm is to improve the recognition
rate of the tags, to reduce resource consumption, and most
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Reader’s first
query

All the tags respond to the reader and
finish the identification process of one

frame

Count the result of this frame (je, js, jc) and
use the result to estimate the tag number
(n∗) through our estimation algorithm

je = di, js = 0,

jc = 0
i++

i = 0

Calculate unrecognized tag
number

n# = (n∗ − js)
i < 3

Set the proper frame length to be di
and the responsive probability of

the tags to be di/n#

All the tags are 
recognized

Y

Y

N

N

Figure 2: Process of the whole algorithm.

importantly to improve the efficiency of the whole system.
For the key steps of DFSA, the accuracy of the estimation
algorithm is the most important. Here, we introduce error
rate to measure the performance of the algorithm. Suppose
the tag number is 𝑛 and the estimated tag number is 𝑛∗, then
the error rate can be expressed as

𝑒 =

𝑛
∗

− 𝑛


𝑛
. (23)

After the tag estimation process, the algorithm adjusts the
responsive probability of the unrecognized tags and the frame
length based on the estimated tag number. For the whole
system, the resource consumption and the throughput of the
system are important parameters. So in the simulation, the
total number of slots used in the system is defined as the
resource consumption, and the throughput of the system has
been given as in (8).

In addition, the slot collision rate and slot idle rate also
reflect the degree of the utilization of system resources. Sup-
pose that the value space of tag number in the communication
range of the reader is 𝑛 ∈ [1, 1000], the max frame length of
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Table 1: Settings of the simulation parameters.

Parameters Tag anticollision algorithm
Reader number 1
Tag number 1–1000
Data transmission rate (Kb/s) 100
Data channel frequency (MHz) 915
Initial frame length 𝐿 ini = {16, 32, 64, 128}

Number of slots occupied for identification 1
Frame length doubled threshold Collision rate 𝑝

𝑠
∈ [0.5, 1]

Frame length half threshold Collision rate 𝑝
𝑠
∈ [0, 0.5] & idle rate 𝑝

𝑖
∈ [0.5, 1]

Frame length hold threshold Collision rate 𝑝
𝑠
∈ [0, 0.5] & idle rate 𝑝

𝑖
∈ [0, 0.5]

Antenna polarity Omni

the reader is 256, and the value space of optional frame length
is 𝐴 = {𝑁

𝑖
, 𝑁
𝑖
= 2
𝑖

} (𝑖 ≤ 8).
Because we still use the dynamic framed-slotted ALOHA

algorithm (DFSA) in the main identification procedure of
the system, DFSA adjusts the frame length of the next frame
dynamically based on the current collision rate, idle rate,
and the successful identification rate of the slot. The relevant
configurations of the simulation is same as that in [15].

The specific settings of the simulation parameters are
given in Table 1.

4.2. Simulation Results and Analysis. The algorithm can
be divided into two parts: tag number estimation and tag
identification. So we also compare the algorithm in two
sides. We will compare the algorithm we proposed with
the minimum tag number estimation algorithm and Jae-
Ryong Cha algorithm on the side of error rate. For the tag
identification algorithm, we will compare Bayesian estima-
tion probability DFSA (BE-PDFSA) with DFSA algorithm in
resource consumption, system throughput, system collision
rate, and system idle rate.

From Figure 3, we can see that with the same initial
frame length, the performance of Minimum tag number
estimation is the worst, considering the least factors. When
the tag number reaches 1000, its error rate is nearly 70%.
However, the performance of BE-PDFSA is far better than
other algorithms. Especially when the frame length is longer
than 128, the error rate of the other two algorithms gradually
increases with the increase of tag number, and its value
is basically higher than 0.3. On the contrary, the Bayesian
estimation algorithm is relatively stable, and its error rate
stays around 0.1 mostly. So the estimation algorithm we
proposed shows the characteristic of high robustness.

From Figure 4, we can see that as the tag number
increases, the total source consumption of DFSA and BE-
PDFSA all has the upward trend. However, the source
consumption of BE-PDFSA is less than that of DFSA, and
there will be a growing gap in consumption between the two
algorithms with the increase of tag number. When the tag
number reaches 1000, the source consumption of BE-PDFSA
is about 1/7 of DFSA. According to (10), in the view of source
consumption, the performance of BE-PDFSA is far better
than DFSA especially in the case of large tag number.

0 100 200 300 400 500 600 700 800 900 1000
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Er
ro

r r
at

e

Minimum tag number estimation
Jae-Ryong Cha algorithm

Tag number n

Bayesian estimation

Figure 3: Comparison of error rate for algorithms.
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Figure 4: Comparison of total source consumption in identification
process.

In Figure 5, the trend of throughput of the two algorithms
is almost the same. The throughput of BE-PDFSA reaches a
maximum when the tag number is about 100. The number
of tags when DFSA reaches its maximum is about 200, but it
is still less than that of BE-PDFSA. After reaching the max-
imum, the throughput of DFSA decreases sharply, though
our algorithm decreases relatively slowly and becomes stable.
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Figure 5: Comparison of throughput for algorithms.

When the tag number is 1000, the throughput of BE-PDFSA
can stay around 0.25 which is much larger than that of DFSA.
We can see the stability and reliability of our algorithm.

Figure 6 shows the comparison of probability of failure
in identification process. Figure 6(a) is the comparison of
collision rate for BE-PDFSA and DFSA. With the increase
of tag number, the collision rate of DFSA grows nearly in
linear. However, BE-PDFSA shows a better performance.
Although its collision rate also increases with the increase
of tag number, the slope of the curve is smaller than that
of DFSA, and the curve becomes stable in the end. That is
because with the increase of tag number, more and more
tags will respond to the reader at the same time which will
cause the increase in collision rate. After using the Bayesian
estimation and probability response, the number of tags to
respond and the number of slots are as close as they canwhich
slows down the increase of collision rate. On the other side,
from Figure 6(b), BE-PDFSA also shows better performance
in idle rate. So combined with Figure 6(a), we can see our
algorithm improving the stability of DFSA after importing
Bayesian estimation and probability response.

5. Conclusion

In this paper, we propose an improved dynamic framed-
slotted ALOHA algorithm based on Bayesian estimation and
probability response. The Bayesian estimation can improve
the accuracy of estimation algorithm by taking advantage
of statistical properties in identification process of tags. The
mechanism of probability response can adjust the responsive
probability of tags especially when the tag number is larger
than the max frame length to reduce collision rate and
improve the throughput of the whole system.

In general, this algorithm solves the problem that there
would be a big error in traditional process of tag estimation
because of lacking observations. At the same time, by using
the optimal conditions of system throughput, we propose the
mechanism of probability response to make the theoretical
number of tags to respond be the same as the frame length
to improve the efficiency of the system and save the source
of the whole system. Finally, the simulation results show the
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Figure 6: (a) Comparison of collision rate for algorithms in
identification process. (b) Comparison of idle rate for algorithms in
identification process.

stability of our algorithm and prove the improvement in the
performance of the algorithm.
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A compact loop antenna is presented for mobile ultrahigh frequency (UHF) radio frequency identification (RFID) application.
This antenna, printed on a 0.8mm thick FR4 substrate with a small size of 31mm × 31mm, achieves good impedance bandwidth
from 897 to 928MHz, which covers USA RFID Band (902–928MHz).The proposed loop configuration, with a split-ring resonator
(SRR) coupled inside it, demonstrates strong and uniform magnetic field distribution in the near-field antenna region. Its linearly
polarized radiation pattern provides available far-field gain. Finally, the reading capabilities of antenna are up to 56mm for near-
field and 1.05m for far-field UHF RFID operations, respectively.

1. Introduction

Radio frequency identification (RFID) technology has been
rapidly developed for automated identification and track-
ing of objects in warehouse, supply chain, industry, and
commerce [1]. Currently, mobile UHF RFID technology has
received much attention owing to its advantages in cost,
portability, and item-level applications. Mobile UHF RFID
service is defined as a compact UHF RFID reader into a
mobile phone. Anyone with it can directly identify the RFID
tag attached product and access mobile internet by wireless
communication for searching, verifying, andmanaging prod-
uct information [2].

The challenge of mobile UHF RFID reader is that the
reader antenna must be miniaturized into the mobile phone
and have both near-field and far-field operation for various
objects and applications [3]. Electromagnetically far-field
operation is commonly used to achieve long reading range,
and typical UHF RFID reader antenna works with a pure
far-field characteristic [4]. Inductively near-field operation
is usually used for objects surrounded by metals or liquids
[5]. Recently, a group of loop-type antennas have been
considered with a pure near-field characteristic [6–13]. Few

papers about UHF reader antenna for both near-field and
far-field operations are presented, but they have too large size
to integrate in themobile phone: one has a dimension of 184×
174mm2 [14], and another smaller antenna is 72.3×72.3mm2
[15].

In order to address the size constraint problem, we have
designed a loop antenna with both near-field and far-field
characteristics. But it has too narrow bandwidth of 13.5MHz
(915.5–929MHz) [16]. The United States Federal Communi-
cations Commission (FCC) designates 902–928MHz as the
special frequency allocation for UHF RFID band.Most of the
countries approve a part of USA band for RFID operation,
for example, China band (920–925MHz), Korea band (917–
924MHz), Australia band (918–926MHz), and so on [17].

Therefore, we present a novel folded-dipole loop antenna
with split-ring resonator (SRR) structure in this paper. An
SRR element is coupled inside the folded-dipole loop and
formed by a concentric metal ring with a split. The antenna
prototype is fabricated and achieves a measured matching
bandwidth of 31MHz (897–928MHz), which covers the USA
RFID band (902–928MHz). Simulation and measurement
show that the proposed antenna has strong surface current
distribution, uniform magnetic near-field distribution, and
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Figure 1: Size comparison of folded-dipole loop with SRR loading.
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Figure 2: Geometry of the proposed antenna.

available far-field gain. The reading capability of prototype is
up to 56mm with near-field RFID tag and up to 1.05m with
conventional far-field RFID tag.

2. Antenna Design

Loop antennas are commonly used for communication and
RFID systems [18–22]. At LF and HF bands, a physically
large loop is still a very small electrical fraction compared
to the operating wavelength. So, the conventional RFID
antenna design at LF and HF bands is to use a multiturn
loop. However, it is not suggested at UHF band because the
multiturn loop or spiral inductor has poor far-field gain. The
other way is to use folded-dipole loop [23].The folded-dipole
loop antenna has good size reduction and exhibits better far-
field gain than multiturn loop.

In this paper, a novel folded-dipole antenna with parasitic
element is proposed, as shown in Figure 1. The bent folded
dipole forms a large outer loop with a split, and a single spilt
ring combines a small inner loop. The inductive loading is
created by the ring, while the capacitive effect is determined
by the split of the ring. Both inductive and capacitive loadings
act as an LC tank circuit, which can enhance the magnetic
resonance, and realize antenna size reduction. As shown in
Figure 1, the total length of proposed antenna is miniaturized
as the same resonance condition as the conventional folded-
dipole antenna of half wavelength.

In Figure 2, the geometry of antenna was designed on
an FR-4 substrate (dielectric constant 𝜀

𝑟
= 4.4, loss tangent

𝛿 = 0.02, and thickness𝐻 = 1.6mm), and the whole antenna
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Figure 3: Antenna surface current distribution.
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Figure 4: Near-field magnetic distribution (𝑥𝑦-plane, 𝑧 = 10mm).

size is 𝐿1 (31mm) ×𝐿1 (31mm). On the top view of substrate,
the dimensions of folded-dipole loop are 𝐿2 = 29mm, 𝑠1 =
1.0mm, 𝑠2 = 2.0mm, 𝑊1 = 1.0mm, 𝑊2 = 1.5mm, and
𝑔1 = 1.0mm. The dimensions of SRR are 𝑔2 = 3.3mm,
𝑠3 = 0.9mm, and 𝑊4 = 1.2mm. On the bottom view,
the dimensions of the ground are 𝐿3 = 22mm and 𝑊3 =
4.5mm.

The antenna was simulated at the centre frequency of
interesting band (915MHz), by using Ansoft High Frequency
Structure Simulator (HFSS) software. The simulation result
of antenna surface current distribution is shown in Figure 3.
It can be seen that the current remains in-phase at both the
outer loop and inner SRR and the current along SRR is larger
in amplitude relative to that along the outside folded-dipole
loop. The in-phase current presented a uniform and strong
magnetic field distribution at 𝑥𝑦-plane and 𝑧 = 10mm, as
shown in Figure 4.Thus, the tags with inductive coupling can
be interrogated in the near-field antenna region.

3. Results and Discussion

A prototype of the proposed antenna was fabricated, as
shown in Figure 5. The entire area of prototype is just 31 ×
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Figure 5: Photograph of antenna prototype. (a) Top view, (b) bottom view.
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Figure 6: Reflection coefficient for proposed antenna.

31mm2, as a coin of one CNY. The simulated and measured
matching bandwidth of the proposed antenna is shown in
Figure 6. There is good agreement between simulation and
measurement. The measured bandwidth of the prototype is
31MHz (897–928MHz), under the condition of reflection
coefficient less than −10 dB. It completely covers the USA
RFID band (902–928MHz).

The schematic view of near-field reading test is presented
in Figure 7(a). As shown in Figure 7(c), the proposed antenna
prototype is fabricated on the test stand, and the near-field
button tag, attached to polyfoam, is parallel to the surface
of antenna. The read range between antenna and tag is
achieved along the positive 𝑍-axis. As shown in Figure 7(d),
the Impinj UHF button of 13∗10mm2 dimensionwas taken as
the reference tag, and the Impinj Technology Speedway R420
reader was used for measurement [24].

Table 1: Comparison of near-field read-range.

Environment Transmission
power at 10 dBm

Transmission
power at 20 dBm

Air 30mm 48mm
Water container 42mm 56mm
Paper 33mm 36mm
Plant surface (corn) 37mm 38mm
Hand skin (human) 24mm 29mm

The read capability of near-field antenna includes read
width and read-range. With Impinj UHF button parallel to
the prototype, themaximum readwidth of𝑥𝑦-plane is 70mm
at 𝑧 = 10mm, as shown in Figure 7(b). It agrees well with the
simulated results of magnetic field distribution in Figure 4.

Furthermore, the near-field read-range of test scene in
Figure 7(a) is measured under a different transmission power
and different environment. As shown in Table 1, we can see
the measured results with Impinj UHF button tag attached
on different objects, including air, liquids, paper, plant, and
human body.The maximum read-range of near-field test can
reach 56mm with the tag attached to water container, along
the positive 𝑍-axis under the transmission power level of
20 dBm. The read-range in the other environment is similar
to that in the air. This is a major advantage of the near-field
RFID operation.

The simulated and measured radiation patterns of the
proposed antenna are presented in Figure 8. The measured
radiation patterns were obtained by the anechoic chamber.
Figures 8(a) and 8(b) show the radiation patterns at 915MHz
in the two orthogonal planes (E-plane and H-plane). The
far-field gain of proposed antenna achieves −2.0 dBi at the
bidirectional 𝑋-axis and negative 𝑍-axis, which shows that
the proposed antenna can be acceptable for far-field RFID
operation.

To examine the far-field performance, the experiment of
far-field reading distance has been performed by using Impinj
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Figure 7: Near-field measurement. (a) Schematic view. (b) Read width at 𝑥𝑦-plane and 𝑧 = 10mm. (c) Test scene. (d) Impinj UHF button.
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Figure 8: Simulated and measured far-field radiation patterns.
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R420 reader. It is shown that the proposed antenna, with
conventional dipole tag in the air, has a maximum reading
distance of 1.05m, at the transmission power level of 20 dBm
(0.1W). But the different environment seriously affects the
far-field reading performance. When the tag is attached to
water container or conducting plate (human body), the far-
field reading distance reduces rapidly.

4. Conclusions

In this paper, a folded-dipole loop antenna with SRR has
been investigated for mobile UHF RFID applications. The
coupled SRR element miniaturizes this antenna to a compact
size of 31mm × 31mm. Simulation and measurement of
antenna implemented sufficient impedance bandwidth (897–
928MHz), uniform magnetic near-field distribution, and
suitable far-field gain. Experiments by proposed antenna have
shown good capability of both near-field and far-field tag
reading. Such a compact antenna is suitable for both near-
field and far-field UHF RFID operations.

Acknowledgments

This paper is supported by the National High Technology
Research andDevelopment Program (863 program) of China
(2008AA04A103), Science and Technology Planning Project
of Guangdong Province (2011B080701068), and National
Natural Science Foundation of China (61101015 & 60971052).

References

[1] K. Finkenzeller, RFID Handbook, Radio-Frequency Identifica-
tion Fundamentals andApplications,Wiley,NewYork,NY,USA,
2nd edition, 2004.

[2] J. Chae and S. Oh, “Information Report on Mobile RFID in
Korea,” ISO/IEC JTC1/SC 31/WG4 N0922, Information paper,
ISO/IEC JTC1 SC31 WG4 SG 5, 2005.

[3] P. V.Nikitin, K. V. S. Rao, and S. Lazar, “An overview of near field
UHF RFID,” in Proceedings of the IEEE International Conference
on RFID, pp. 166–174, Grapevine, Tex, USA, March 2007.

[4] B. Glover and H. Bhatt, RFID Essentials, O’Reilly, Sebastopol,
Calif, USA, 2006.

[5] F. Fuschini, C. Piersanti, L. Sydanheimo, L. Ukkonen, and G.
Falciasecca, “Electromagnetic analyses of near field UHF RFID
systems,” IEEE Transactions on Antennas and Propagation, vol.
58, no. 5, pp. 1759–1770, 2010.

[6] X. Qing, C. K. Goh, and Z. N. Chen, “Segmented loop antenna
for UHF near-field RFID applications,” Electronics Letters, vol.
45, no. 17, pp. 872–873, 2009.

[7] X. Z. Lai, Z. M. Xie, Q. Q. Xie, and J. W. Chao, “A Srr-based
near field RFID antenna,” Progress in Electromagnetics Research
C, vol. 33, pp. 133–144, 2012.

[8] X. Qing, Z. N. Chen, and C. K. Goh, “UHF near-field RFID
reader antennawith capacitive couplers,”Electronics Letters, vol.
46, no. 24, pp. 1591–1592, 2010.

[9] X. Li, J. Liao, Y. Yuan, and D. Yu, “Eye-shaped segmented
reader antenna for near-field UHF RFID applications,” Progress
in Electromagnetics Research, vol. 114, pp. 481–493, 2011.

[10] H.-W. Liu, K.-H.Wu, andC.-F. Yang, “UHF reader loop antenna
for near-field RFID applications,” Electronics Letters, vol. 46, no.
1, pp. 10–11, 2010.

[11] X. Li and Z. Yang, “Dual-printed-dipoles reader antenna for
UHFnear-field RFID applications,” IEEEAntennas andWireless
Propagation Letters, vol. 10, pp. 239–242, 2011.

[12] X.Qing, C.K.Goh, andZ.N.Chen, “Abroadbanduhf near-field
rfid antenna,” IEEE Transactions on Antennas and Propagation,
vol. 58, no. 12, pp. 3829–3838, 2010.

[13] C. F. Huang and Y. F. Huang, “Design of RFID reader antenna
for exclusively reading single one in tag assembling production,”
International Journal of Antennas and Propagation, vol. 2012,
Article ID 162684, 5 pages, 2012.

[14] B. Shrestha, A. Elsherbeni, and L. Ukkonen, “UHF RFID reader
antenna for near-field and far-field operations,” IEEE Antennas
and Wireless Propagation Letters, vol. 10, pp. 1274–1277, 2011.

[15] A. L. Borja, A. Belenguer, J. Cascon, and J. R. Kelly, “A
reconfigurable passive UHF reader loop antenna for near-field
and far-field RFID applications,” IEEE Antennas and Wireless
Propagation Letters, vol. 11, pp. 580–583, 2012.

[16] X. Z. Lai, Z. M. Xie, and X. L. Cen, “Compact loop antenna
for near-field and far-field UHF RFID applications,” Progress in
Electromagnetics Research C, vol. 37, pp. 171–182, 2013.

[17] UHF for RFID Regulations, http://www.gs1.org/docs/epcglo-
bal/UHF Regulations.pdf.

[18] Z. Xing, L. Wang, C. Wu, J. Li, and M. Zhang, “Characteristics
and application of a novel loop antenna toUHFRFID receivers,”
International Journal of Antennas and Propagation, vol. 2011,
Article ID 480717, 7 pages, 2011.

[19] Y.-W.Chi andK.-L.Wong, “Internal compact dual-bandprinted
loop antenna for mobile phone application,” IEEE Transactions
on Antennas and Propagation, vol. 55, no. 5, pp. 1457–1462, 2007.

[20] D.-O. Kim, C.-Y. Kim, and D.-G. Yang, “Flexible Hilbert-
curve loop antenna having a triple-band and omnidirectional
pattern forWLAN/WiMAX applications,” International Journal
of Antennas and Propagation, vol. 2012, Article ID 687256, 9
pages, 2012.

[21] C.-W. Chiu, C.-H. Chang, and Y.-J. Chi, “Multiband folded
loop antenna for smart phones,” Progress in Electromagnetics
Research, vol. 102, pp. 213–226, 2010.

[22] H. Lee and H. Lee, “Isolation improvement technique for
two closely spaced loop antennas using MTM absorber cells,”
International Journal of Antennas and Propagation, vol. 2012,
Article ID 736065, 7 pages, 2012.

[23] Y.-T. Im, J.-H. Kim, and W.-S. Park, “Matching techniques for
miniaturized UHF RFID loop antennas,” IEEE Antennas and
Wireless Propagation Letters, vol. 8, pp. 266–270, 2009.

[24] UHF Gen 2 for item-level tagging, http://www.impinj.com/
Documents/Applications/White Papers/Technology/UHF Ge
n 2 for Item-level Tagging/.




