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Abstract: Recent advances in single-board computer technology have allowed for lightweight,
power-efficient devices, such as the Raspberry Pj, to take the place of desktop PCs in certain applications.
This has the potential to disrupt the way many current systems are structured, particularly for
inventory management and control applications. In this paper, we explore the design and topology of
a modular Radio frequency identification (RFID) system for inventory management comprised
of self-contained, autonomous scanning, and stationary control PCs in a handheld/portable
configuration. While similar solutions for such a system may exist on the commercial market,
this proposed development provides a template for an open source flexible, low-cost solution that
can be easily expanded to meet the needs of businesses with large and small inventories.
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1. Introduction

In recent years, advancements in the capabilities and manufacturing techniques of Radio frequency
identification (RFID) tags have contributed to their growing presence in inventory management
systems [1-5]. Their small size, controllable read range, and ability to respond with signals after
receiving power from an RFID reader make the technology ideal for cataloging and tracking
an inventory with minimal overhead required for sustained operation. Currently, several companies
offer turnkey inventory management solutions with varying degrees of customizability, but none offer
a completely modular, open source system with the full capability of an integrated computer [6-12].
This paper presents an RFID tag reader system, designed to provide a highly customizable inventory
control solution, by combining modular hardware and modifiable open-source software at a reasonable
cost. The system described implements a flexible and easily upgradeable design that allows for two
modes of operation: as a portable unit containing both the RFID and computer hardware and user
interface, or for remote scanning from a desktop computer with the RFID hardware mounted on
an autonomous robotic platform. This paper will focus on the former mode of operation while the
latter mode of operation is easily adaptable. The development of such a system, coupled with RFID
tags that are capable of sustained operation in harsh environments [1], can be easily adapted for a wide
variety of applications, including industrial production or manufacturing, mining operations, and
military asset management.

2. RFID System Components

An RFID reader consists of four core components: antenna, RFID interrogator, processor, and user
interface. The antenna and interrogator work in conjunction to gather and decode the tag information,
which is then passed to the processor. The processor must be capable of retrieving information
associated with the tag from a database and displaying it on the interface. To enhance the adaptability
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of the overall system, the core components are split into two groups capable of independent operation:
the antenna and interrogator are grouped together, as are the processor and interface. A diagram
demonstrating this relationship is shown in Figure 1.

Antenna Interrogator
Processor Interface

Figure 1. Core components of an RFID reader.

The scope of this development project encompassed the design and configuration of several
pieces of hardware: an initial reader prototype, a handheld base station and reader, and a desktop
client. The initial reader prototype is built to gain familiarity with the capabilities of RFID interrogator
hardware and to learn the requirements for software integration. The handheld base station and
reader unit utilized a more powerful interrogator and expanded the functionality to allow for portable
operation with a touch interface. The desktop client software is developed for the handheld base
station to expand and demonstrate the flexible networking capabilities of the system.

The initial prototype is constructed using a ThingMagic M6e Development Kit (atlasRFIDstore,
Birmingham, AL, USA) as an interrogator, and a Windows 8.1 PC with a mouse and keyboard as
the processor and interface. The communication between the interrogator and processor is achieved
through a direct USB connection. A picture of the interrogator and antenna can be seen in Figure 2.

Figure 2. Initial prototype hardware.

The desktop client software is designed to retrieve current tag reads from the database server
and is utilizing a standard desktop operating system. The used PC had Windows 8.1 installed and
the software is written using Java which is compatible with recent releases of Windows, Macintosh,
and Linux. An Alien 915 MHz right-hand circular polarized antenna is used in this prototype version.
The ThingMagic interrogator and Alien antenna are capable of reading Gen2 RFID tags in the regulated
frequency band, 902-928 MHz. The antenna can be easily swapped for a more specialized and
potentially smaller and directive/focused antenna to target the needs of specific applications.

For the handheld base station and reader, a ThingMagic Mercury M6e xPRESS Sensor Hub is used
as the interrogator. This unit has identical features to the development kit used for the initial desktop
prototype, with the advantage of having an embedded operating system that allows for greater
customization of operating parameters and the ability to communicate through a WiFi hardware
module. The WiFi capability is central to the modular aspect of the design, as a layer of abstraction
can effectively be created between the antenna/interrogator and the processor/interface components.
Thus, tag information packets broadcast over WiFi by the xPRESS Sensor Hub can be received by
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a database server and retrieved by either a remote PC or a portable processor with integrated user
interface. For the final portable hardware prototype, the processor and interface are comprised of
a Raspberry Pi 3, a 7” Pi Touch Display, and a Bluetooth keyboard. This prototype is powered by
a 7.4 V LiPO battery along with two precision DC-DC UBEC regulators to supply the 5 V required
by the Raspberry Pi, touch display, and Thing Magic xPRESS Sensor Hub. The UBEC regulators are
chosen due to their low cost, regulation precision over a wide range of input voltages, and high current
sourcing capabilities. A power distribution diagram for the portable modular unit is shown in Figure 3.

7.4V LiPO
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Pi3 Sensor Hub
M PiTouch
Display

Figure 3. Power distribution diagram for the handheld unit.

3. Software Design

The developed software for the RFID reader hardware, including the user interface, is designed to
perform several duties. Primarily, it is built to allow the user to access data associated with any RFID
tags that had been recently scanned by the hardware. To accomplish this, it is determined that it must
also be able to communicate using established networking protocols and access an existing database.
The user interface is developed first during the initial prototyping stage, and expanded to include the
full networking capabilities during the construction of the handheld base station and reader unit.

The developed software is written in Java due to its wide adoption as the language of choice for
enterprise-quality software. As seen in Figure 4, the user interface is structured around a main window
where all tags within the reading range are displayed. Each visible tag can be double-clicked on to
retrieve its information from the linked database, including the RFID tag number, the name of the
associated item, a description of the item, and a picture of the item. A full-sized picture of the item
can also be accessed from this user screen. All values except the RFID tag number can be modified
from this screen. The information stored in the development database is primarily for demonstration
purposes, and the developed modular RFID system is capable of enhancing/extending the type and
amount of data to be stored in the database based on the application type.

The software module topology is designed around the networking capabilities of the xPRESS
Sensor Hub. Testing determined that the UDP connection worked reliably to transfer tag read
information between the Sensor Hub and a remote client. However, since a single server, multiple
client relationship is usually desired in many applications, an HTTP server is constructed to keep
and serve an up-to-date record of the most recent read data received through the UDP connection.
This relationship is portrayed in Figure 5. In addition to the raw tag data, the HTTP server accesses the
full database and returns all available information pertaining to the tag reads when queried, including
the raw tag number, the name of the item associated with the tag, and a short description. Since it is only
possible to send a single object as a response to an HTTP ‘get’ request, all text information is packaged
together and sent to a client on receipt of a query, and the client can then request pictures for each entry
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from the server with additional queries. To save on data transfer, the client software is configured to
only request pictures that do not already exist locally in the handheld unit self-storage media.
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| viewFull Size Image | | SetTagImage |
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Figure 4. Examples of windows in the software interface. The windows visible from back to front
are: the main tag read window for all tags, the detailed view of all database information pertaining to
a single tag, and the full-sized picture associated with the tag.
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Figure 5. High-level system topology showing network communication protocols used between
system modules.

4. Final Product

Versions of the handheld station and reader are constructed to prove the viability of an adaptable
and modular RFID reader and communications platform. The UDP-HTTP server is housed on the same
handheld station Raspberry Pi as the mobile client software, for the sake of hardware convenience.
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The systemic modularity allows for this server to be housed on the same hardware as an instance of the
client software or it can be located on a detached PC on the same network acting as a dedicated server.

A physical enclosure of the developed unit, shown in Figure 6, is drafted using AutoDesk
Fusion360, with a focus on ease of assembly, portability, and ergonomics. An 1/8” acrylic sheet
is procured and laser cut according to the drafted design. The pieces are then assembled and the
hardware is mounted internally. The completed enclosure, with mounted hardware and wiring can be
seen in Figures 7 and 8.

Figure 6. Autodesk Fusion 360 rendering of the handheld unit enclosure.

Figure 8. Rear view of the handheld unit with the access flap open, showing necessary wiring for
power distribution.

The cost of the developed modular prototype unit is $1,310 United States Dollars (USD), of which
$1061 USD is spent procuring the ThingMagic XPRESS Sensor Hub and the antenna. Labor and software
development cost are not included. The cost of a handheld unit (without the interrogator/antenna)
is approximately $235 USD. The client software can be loaded onto a desktop PC for no financial
expenditure, assuming that the PC is in good operational order and able to associate with a wireless
network. A full bill of materials can be seen in Table 1.
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Table 1. Inclusive bill of materials for all materials used to construct the prototype unit.

Part Name Cost
xPRESS Sensor Hub with M6e RFID module and Optional WiFi Plugin ~ $962
Alien 915 MHz right hand circular polarization (RHCP) Antenna $99
Raspberry Pi 3 $39.95
Raspberry Pi Touch Display $79.95
Bluetooth Keyboard $13.99
7.4V LiPO Battery $41.79
LiPO Battery Charger $19.99
5V 2.4 A Power Supply $7.95
16 GB Class 10 Micro SD Card $10.13
Heatsinks for Raspberry Pi 3 $4.95
Acrylic Housing Material $15.00
Misc. Connectors and Wiring $15.00
Total $1310.70

5. Typical Operation Procedure

The developed prototype unit operates by plugging in the battery to the power harness, which
contains the UBEC regulators. The two regulators will, in turn, provide power to the xPRESS Sensor
Hub and to the Pi and touch display. Once the Pi has booted up, several scripts will need to be run: one
to initialize the UDP connection, one to initialize the HTTP server, and one to start the client software
that serves as a user interface. The Sensor Hub can then be started by pressing the onboard ‘Power’
button, followed by the ‘User” button to actually begin the tag reading operation. When moving
towards production, the operation of the xPRESS Sensor Hub can be modified in the developed code
to start reading as soon as power is applied, but this behavior is not desirable for the prototype stage
for debugging purposes. At this point, the UDP connection should be active, assuming that both the
xPRESS Sensor Hub and Raspberry Pi are associated with the same WiFi network. Any tag reads that
are transmitted through UDP are used to update the record of recent reads that is available for request
from the HTTP server. The client interface queries the HTTP server, and will display all information
contained in the database pertaining to the recent reads. As mentioned previously, the client software
can be running on any Java-capable machine on the same WiFi network as the other elements of
the prototype.

6. Comparison to Existing Solutions

A limited list of interfacing devices (smartphone, personal digital assistant (PDA), etc.) is
available for commercially available products [7,9] similar to this developed RFID modular system.
Other products offer an Application program interface (API) allowing for interface customization, but
only on platforms capable of limited computing, such as Windows Mobile and Android [6,7]. There is
also a reader designed around an open source API for non-proprietary software development, but
the hardware is not configurable [10]. Several very low-cost Android-based models also exist, but
have unmodifiable, proprietary software, based on versions of Android up to four years old [11,12].
The developed RFID modular system, as described here, overcomes all the above limitations by being
modular and open source. Thus, allowing the user to update/change the hardware and also modify
the associated developed software based on the application needs.

7. Applications and Future Work

The flexibility of this system makes it ideal for customized application in a wide variety of
industries. Depending on the types of tags and antennas used, a high-precision, close-range system
could be developed for monitoring a dense inventory as may exist in a medical research facility,
a library, a paper manufacturing facility, or a beverage manufacturing facility [13-15]. A far-field
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system, using far filed focused antenna, could also be assembled for a less dense application such as
a mining operation, warehouse, shipping facility, or retail store. Furthermore, combination systems
involving both long- and short-range focused antennas could easily be implemented by adding
additional xPRESS Sensor Hubs to the system, which could be useful for applications in military
or manufacturing, where more complex RFID monitoring behavior might be required. For systems
requiring a smaller hardware footprint, miniature antennas [16] or antennas capable of operating in
both near- and far-fields [17] could be utilized. RFID tags with integrated sensors could also be used
for wireless manufacturing process control or monitoring of civil infrastructure [18,19].

When determining the necessary elements to be utilized in constructing an appropriate
RFID system for any application, it is important to consider the environmental factors involved.
The necessary steps to understand how RFID performance is affected by environmental hazards, and
what hardware choices can be made to mitigate the negative effects, can be determined with analysis
methods similar to those documented in existing literature [20]. By completing this analysis, the
modular system can be adapted to perform in a satisfactory manner in nearly any environment.

In the future, there are several main features that will need to be implemented in order to transform
this developed portable RFID system unit from a proof-of-concept prototype to a production-ready
turnkey RFID monitoring system. A formalized database system will need to be implemented to
securely store information associated with the tags present in the tag pool. At present, the server
loads all tag information from a JavaScript Object Notation (JSON)-encoded text file at runtime, but
this will require advanced software development to scale efficiently for systems with hundreds or
thousands of associated tags. Utilities for modifying the database may also need to be developed to
improve long-term maintainability. The interface for the client software is currently optimized for
use on a small touchscreen, thus work could be done to dynamically resize the interface elements
based on the available screen resolution. Rather than further developing Java-based client software,
a web-based client could also be developed. This would be a significant improvement, as the status of
the reader could be checked from any web-enabled system, including computers, smartphones, and
tablets. The additional development could mesh seamlessly with the existing framework, as an HTTP
server already exists to serve data, thus it would be a relatively trivial task for a web developer to
design a user interface for displaying the tag reads in a web browser.

8. Errata

Code written for the user interface and servers used in this project is available in two Github
repositories, under the Massachusetts Institute of Technology (MIT) License. The modified ThingMagic
xPRESS Sensor Hub software development kit (SDK) code is not added to the repository due to license
and distribution restrictions. The repositories are available at: https:/ /github.com /harmonicPerc/
RFID-Reader-Client-Portable and https:/ /github.com/harmonicPerc/RFID-Reader-Server.

Acknowledgments: The authors would like to acknowledge the financial support provided by ArcelorMittal
USA for conducting this project.

Author Contributions: Ross Bunker performed the hardware assembly, software development, and testing, of
the prototype. He also initiated the write-up of the paper. Atef Elsherbeni provided the overall goal of the project,
guided the development and provided suggestions on improving the end product and secured the financial
support. He also reviewed the initial draft of the paper several times and assumed the responsibility for the final
revision and editing of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Babar, A.A.; Elsherbeni, A.Z.; Syddanheimo, L.; Ukkonen, L. RFID tags for challenging environments.
IEEE Microw. Mag. 2013, 26-35. [CrossRef]


https://github.com/harmonicPerc/RFID-Reader-Client-Portable
https://github.com/harmonicPerc/RFID-Reader-Client-Portable
https://github.com/harmonicPerc/RFID-Reader-Server
http://dx.doi.org/10.1109/MMM.2013.2259391

Electronics 2017, 6,9 80f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bjorninen, T.; Delzo, K.E.; Ukkonen, L.; Elsherbeni, A.Z.; Syddnheimo, L. Long Range Metal Mountable
Tag Antenna for Passive UHF RFID Systems. In Proceedings of the IEEE International Conference on
RFID-Technologies and Applications, Sitges, Spain, 15-16 September 2011.

EIMahgoub, K.; Elsherbeni, T.; Yang, F,; Elsherbeni, A.Z.; Sydanheimo, L.; Ukkonen, L. Logo-antenna based
RFID tags for advertising application. ACES ]. 2010, 25, 174-181.

Elsherbeni, T.; EIMahgoub, K.; Syddnheimo, L.; Ukkonen, L.; Elsherbeni, A.; Yang, F. Survey of laboratory
scale fabrication techniques for passive UHF RFID tags. ACES J. 2010, 25, 561-569.

Virtanen, J.; Ukkonen, L.; Elsherbeni, A.Z.; Demir, V.; Sydanheimo, L. Comparison of Different Electromagnetic
Solvers for Modeling of Inkjet Printed RFID Humidity Sensor. In Proceedings of the 26th Annual Review of
Progress in Applied Computational Electromagnetics, Tampere, Finland, 26-29 April 2010; pp. 270-275.
atlasRFIDstore. Alien ALH-9010 Handheld RFID Reader. Available online: https://www.atlasrfidstore.
com/alien-alh-9010-handheld-rfid-reader/ (accessed on 30 November 2016).

Zebra. RFD8500 Handheld RFID/1D/2D Sled. Available online: https:/ /www.zebra.com/us/en/products/
rfid /rfid-handhelds/rfd8500.html (accessed on 28 September 2016).

Invengo_XC2903_V21102015.pdf. Available online: http://www.invengo.com/rfid-product-line/readers-
antennas/rain-rfid-uhf-readers/xc-2903-hand-held-reader/ (accessed on 30 November 2016).

TSL 1128 Bluetooth UHF RFID Reader. Available online: https://www.atlasrfidstore.com/tsl-1128-
bluetooth-uhf-rfid-reader/ (accessed on 30 November 2016).

HR-2 Reader—TagMaster. Available online: http://tagmaster.com/rail-solutions/rfid /hr-2-reader/
(accessed on 30 November 2016).

RFID Android Handheld Reader—Buy RFID Android Handheld Reader, RFID Android Handheld Reader,
RFID Android Handheld Reader Product on Alibaba.com. Available online: https://www.alibaba.com/
product-detail /rfid-android-handheld-reader_60550605370.html (accessed on 30 November 2016).

Mtk Quad-Core 1.3 GHZ Cpu 4g Lte Handheld Portable Rugged Android Mobile RFID Reader With
Barcode Scanner—Buy Handheld RFID Reader With Barcode Scanner, Handheld Mobile RFID Reader,
Handheld Portable Rugged Android RFID Reader Gps Product on Alibaba.com. Available online:
https:/ /www.alibaba.com/product-detail/MTK-Quad-Core-1-3GHZ-CPU_1438833622.html (accessed on
30 November 2016).

Ukkonen, L.; Bjorninen, T.; Sydanheimo, L.; Elsherbeni, A.; Yang, F. Importance of computational
electromagnetic modeling in the development of RFID tags for paper reel identification. ACES ]. 2010,
25, 505-516.

Bjorninen, T.; Elsherbeni, A.Z.; Ukkonen, L. Low-profile conformal UHF RFID tag antenna for integration
with water bottles. IEEE Antennas Wirel. Propag. Lett. 2011, 10, 1147-1150. [CrossRef]

Bjorninen, T.; Ukkonen, L.; Sydédnheimo, L.; Elsherbeni, A.Z. Development of a Low Profile Conformal
UHF RFID Tag Antenna for Identification of Water Bottles. In Proceedings of the 2011 IEEE International
Symposium on Antennas and Propagation, Spokane, WA, USA, 3-8 July 2011; pp. 533-536.

Babar, A.A.; Ukkonen, L.; Elsherbeni, A.Z.; Sydanheimo, L. Miniaturized Dual Band RFID Planar Antenna.
In Proceedings of the 26th Annual Review of Progress in Applied Computational Electromagnetics, Tampere,
Finland, 26-29 April 2010; pp. 772-776.

Shrestha, B.; Elsherbeni, A.; Ukkonen, L. UHF RFID reader antenna for near-field and far-field operations.
IEEE Antennas Wirel. Propag. Lett. 2011, 10, 1274-1277. [CrossRef]

Virtanen, J.; Ukkonen, L.; Bjorninen, T.; Elsherbeni, A.Z.; Sydanheimo, L. Inkjet-printed humidity sensor for
passive UHF RFID systems. IEEE Trans. Instrum. Meas. 2011, 60, 2768-2777. [CrossRef]

Virtanen, J.; Ukkonen, L.; Bjorninen, T.; Syddnheimo, L.; Elsherbeni, A.Z. Temperature Sensor Tag for Passive
UHEF RFID Systems. In Proceedings of the Sensors Applications Symposium (SAS), San Antonio, TX, USA,
22-24 February 2011; pp. 312-317.

Costanzo, S.; Costanzo, A.; Raffo, A.; Borgia, A. Environmental effects on the performances of a UHF passive
tag-based commercial RFID system. Adv. Intell. Syst. Comput. 2016, 445, 317-323. [CrossRef]

® © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


https://www.atlasrfidstore.com/alien-alh-9010-handheld-rfid-reader/
https://www.atlasrfidstore.com/alien-alh-9010-handheld-rfid-reader/
https://www.zebra.com/us/en/products/rfid/rfid-handhelds/rfd8500.html
https://www.zebra.com/us/en/products/rfid/rfid-handhelds/rfd8500.html
http://www.invengo.com/rfid-product-line/readers-antennas/rain-rfid-uhf-readers/xc-2903-hand-held-reader/
http://www.invengo.com/rfid-product-line/readers-antennas/rain-rfid-uhf-readers/xc-2903-hand-held-reader/
https://www.atlasrfidstore.com/tsl-1128-bluetooth-uhf-rfid-reader/
https://www.atlasrfidstore.com/tsl-1128-bluetooth-uhf-rfid-reader/
http://tagmaster.com/rail-solutions/rfid/hr-2-reader/
https://www.alibaba.com/product-detail/rfid-android-handheld-reader_60550605370.html
https://www.alibaba.com/product-detail/rfid-android-handheld-reader_60550605370.html
https://www.alibaba.com/product-detail/MTK-Quad-Core-1-3GHZ-CPU_1438833622.html
http://dx.doi.org/10.1109/LAWP.2011.2171911
http://dx.doi.org/10.1109/LAWP.2011.2174603
http://dx.doi.org/10.1109/TIM.2011.2130070
http://dx.doi.org/10.1007/978-3-319-31307-8_33
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	RFID System Components 
	Software Design 
	Final Product 
	Typical Operation Procedure 
	Comparison to Existing Solutions 
	Applications and Future Work 
	Errata 

