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Abstract—Recent years showed a growing interest in the
use of RFID technology in applications like distribution and
storage of goods, supply chain and inventory. This paper
analyses the current smart shelf solutions and presents the
experience of developing an automatic reading system for
smart shelves. The proposed system addresses the problem of
reading RFID tags from items placed on multiple shelves. It
allows the use of standard low cost readers and tags and uses a
single antenna that can be positioned in specific locations at
repeatable positions. The system proposes an alternative to the
approaches with multiple antennas placed in fixed position
inside the shelf or around the shelves, offering a lower cost
solution by means of dedicated electromechanical devices able
to carry the antenna and the reader to the locations of interest
along a rail system. Moreover, the antenna position can be
controlled for three axis of movement allowing for extra
flexibility and complete coverage of the shelves. The proposed
setup is a fully wireless one. It contains a standard reader,
electromechanical  positioning actuators and  wireless
communication and control hardware offering power from
integrated batteries.
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I. INTRODUCTION

In the last five years many organizations (big retailers,
industrial companies, defence organizations) were testing
and deploying radio frequency identification (RFID)
technology in their supply chains.

The debate around the introduction of RFID technology
has raised many important questions partly due to the very
broad range of envisaged applications ([4], [5], [9]. [11],
[12], [22], [35], [39], [41], [46]). Main issues are related to
cost effectiveness, reliability, robustness, security. For the
field of applications discussed in this paper (distribution and
storage of goods, supply chain, inventory) the main
question is : “Will introduction of RFID result in substantial
gains in efficiency and effectiveness of logistics processes,
or it is this mere providing more than marginal benefits?”.
As the technologies used are becoming more mature, the
cost of the hardware lowers and the aspects of data
reading/writing/transmitting at different levels of the
infrastructure are becoming more and more standardized,
this question receives a positive answer.

Both active tags and passive tags are showing many
potential advantages of RFID technology in the supply chain
(I11, 21, 31, [21], [34], [37]). Passive tags do not contain
any power source. They are powered by the inductive power
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received from the tag reader and their range of transmission
can be relatively short. The active tags contain a power
source and are capable to transmit over relatively long
ranges.

Several advantages of the RFID technology for the
distribution and storage of goods are summarized in [38]:

- the potential to automate the distribution of goods in the
supply chain between manufacturing plants, warehouses,
and retail stores of different organizations

-the ability to provide up-to-the-minute information on
sales of items, and thus an accurate picture of the inventory
levels

-reduction in inventory levels, thus causing a reduction in
inventory costs

-complete identification of all items, thus cutting down
losses from lost/misplaced inventory items.

Il. RFID FOR DISTRIBUTION AND STORAGE OF GOODS

The introduction of RFID in the supply chains is a
process whose costs and benefits should be carefully
considered ([38], [43], [14]). There is a typical case of
updating an working system (mainly barcode based) with a
new technology that hast to integrate with the existing
established IT infrastructure. The transition of an item along
the supply chain at the item level, case level or pallet level
from the manufacturer to the final customer can be
completely handled on an RFID base as indicated in Fig. 1.
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Figure 1 Transition of an item along the supply chain (after [38].)
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For the scope of this paper is particularly relevant how the
RFID systems working at shelf level can be integrated at the
store level an how the information provided by them is
further processed and interpreted in the software platforms
at an enterprise level. Relevant architectures for the example
of retail business are indicated in Fig.2 and 3.
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Figure 3. Interconnecting infrastructure in a retail store (after [38])
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IIl. SMART SHELVES SOLUTIONS

Several different solutions are actually proposed for RFID
based smart shelves. Some of these are presented on the
basis on the information available in literature (articles,
presentations or company product brochures) in order to
compare the solution proposed in this article with other
implementations. Before going into the details of each
solution is worthwhile to consider some criteria which
ideally each smart shelf solution should satisfy:

-ensure that the shelf antenna reading capability is
confined to the volume of interest and does not extend to
other shelves;

- existing standard passive UHF tags (the cheapest but
with shorter range) are compatible with the reading solution;

- the solution should cope with different shelf sizes and
shelf types

-the overall system (antennas, readers, associated
communication and control electronics) should be cost
effective

- the solution should be scalable in order to accommodate
for setups with large number of shelves.

It should be mentioned that the specific properties of the
products stored on the shelves are influencing the chosen
smart shelf solution leading sometimes to dedicated
systems, specifically implemented for a certain type of
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products. The main aspects that deserve designer’s
consideration are:

- the type of the material of containers holding the
products (paper, cardboard , plastic, glass, metal,
wood, etc.)

- the type and the thickness of the materials from
which the shelves are made

- the size and geometry of the items on the shelf.

These aspects are all relevant when the problem of the
coverage of the antenna system ([13], [16], [17], [25]-[27])
or the problem of tags reading are considered: metal items to
which tags are attached and thick metal shelves metal bring
many technical challenges ([7], [8], [28], [30], [47]).
Substantial research effort is dedicate to improvements in
antenna and reader designs ([15], [32], [33], [36], [40], [42],
[45]). There is a matter of cost efficiency which also rises in
this context: can the actual setups of shelves currently found
in storage rooms be transformed into a smart shelf system or
the whole infrastructure should be replaced (new special
shelves) in order to have a fully working system?

The approach described in section IV is motivated
by this question.

One of the mostly used approach to the problem of
reading tags attached to items placed on shelves is to use
multiple antennas in order to “cover” shelves space ([28],
[29], [31], [48]).

The systems described in the literature are usually
accomplishing this through the usage of multiplexers (see
Fig. 4 and 5).
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Figure 4. Antenna network controller interfacing multiple antennas (after

[48])
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Figure 5. Simplest connection of multiple antennas through an multiplexer
(after [29]).

The proper placement of these antennas can help in
getting a wider space covered and avoiding in such way
false negative queries when trying to look for an item which
is not “visible” will infer that it is missing from the shelf.

The setups suggested in [29] and in [31] and represented
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in Fig.5 and Fig.6 are trying to maximize the reading
space of the antenna system by placing the antennas in a
position that helps in complementing each other for various
tags position and angles relative to the antenna plane.

A regularly placement of the tags, like in the case of tags
attached to books [29] may provide a particular context for
which a predefined distribution of the magnetic field is
desirable as indicated in Fig.7.

Shelf 1
900 mm

280 mm, Shelf 2. Shelf 3

o

Figure 6. Interference between the adjacent tiers may degrade the system
detection/localization accuracy

The placement of multiple antennas not only maximizes
the reading capabilities but also introduces new issues: in a
situation like the one in Fig.6 it is possible to read from a
neighbouring shelf, placed below, above or next to the shelf
for which a specific antenna was intended.

zZ
v Tags ‘

Figure 7. Regularly placed tags

An alternative to the usage of several antennas is
indicated in [44] and represented in Fig. 8. It starts from the
idea of creating the required coverage through a multiple
loop antenna whose geometry is appropriate for being
incorporated in the shelf. In this way a cost reduction is
achieved but this setup will not work well for metal shelves.

IOy 1y Cy

Figure 8. Special antenna configuration

A smarter approach is indicated in [24]. The
representations from Fig. 9-11 are suggesting the idea
behind this antenna setup: if pairs of antennas having
horizontal and vertical polarizations are used in such a way
that their coverage patters are complementing each other,
than is no longer needed to attach an antenna to each shelf.
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Figure 9. Complementary radiation patterns (after [24])

There is possible to obtain in this way a very good
coverage for a volume in which multiple shelves are
confined with a reduced number of such special antennas.
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Figure 11. Setup with four centre mounted antennas (after [24])

The “granularity” of the reading process is degraded in a
setup as the one of Fig. 11: the exact placement of the object
on the shelf is an indication difficult to obtain.

A combined solution giving an excellent localization of the
tags indicated in [6] is represented in Fig.12. Through a
combined usage of a small antennas array and optical
switches the localization is achieved: a solution particularly
fitted to special shelves holding items with regular
geometry.
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Figure 12 Schematic of a Smart Shelf able to report the
basic actions take, return and remove to a backend system (after [6])
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Figure. 13 Smart shelf configuration using embedded leaking microstrip
transmission line with extended ground plane (after [19])

An interesting approach, suitable both for static items (on
a shelf) and mobile items (on a conveyor belt) is indicated in
[19] and [20]. It is based on the usage of special antennas
built as meandered strips in order to accommodate for all
possible angles of the tag plane relative to the antenna plane
(see Fig.13).

IV. IMPLEMENTATION OF THE PROPOSED SMART SHELF
SYSTEM

The proposed system addresses the problem of reading
information from tags distributed across a large number of
shelves.

It starts from few basic design constrains and remarks:

the solution must be wusable with existing shelf
infrastructures found in storage facilities

low cost “classic” antenna should be usable

the overall cost of the system hardware should be reduced
as much as possible

the much praised speed of the RFID based inventory
system is not the most important factor for many
applications: an update rate of tens of minutes or of few
hours is in many cases acceptable since having an inventory
updated every minute is simply not necessary.

The idea of the system is to use a mobile unit mounted on
a carriage C which is moved along a rail R through the
movement generated by an electric motor M as depicted in
Fig. 14.

To the carriage C a unit consisting of a small form factor
PC motherboard, three motor drivers, three stepper motors
and an RFID reader is attached (see Fig. 15). The antenna
connected to the reader is depicted in Fig.16 and the
magnetic fields it generates in two planes are represented in
Fig.17 and 18.
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Figure 15. Architecture of the mobile unit

The whole mobile system is powered from the battery
included in order to achieve an autonomous movement
along the rail. While the first motor assures a translation
along the rail (horizontal X axis) the second and the third
one are mounted in order to move the antenna on the vertical
axis Y and to allow the tilting of the antenna for a variable
angle relative to the shelf horizontal plane.

The software running on the PC unit is responsible for the
following tasks:

reading of a movement scenario which can be performed
periodically at a programmable rate (Fig. 20)

parsing, sorting and interpreting of the data provided by
the reader (a tag can be read more than one time with the
antenna in different positions of the movement scenario)
(Fig. 21)

wireless communication of the actual inventory
information to the host system (see Fig. 19) via an Wireless
Ethernet link.

A software application was also developed for an
embedded module built around a low cost 8-bit
microcontroller.  Its main task is translating the serial
messages received from the PC unit into appropriate
command signals for the motor drives.

L
Figure 16. The single antenna configuration

While it is obvious that the proposed solution would not
have the “reaction speed” of the setups with multiple fixed
antennas, there are few facts that advocate for this mobile
reader approach:
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- the rail system can be extended as much as needed
due to its mechanical setup (2m long rails are easily
chained) allowing to cover large storage perimeters

- even for a considerably large number of shelves, a
single standard antenna is used, no antenna switches
and impedance matching units are necessary

- the overall cost of the system for a large number of
shelves is considerably reduced compared to the
costs of the other approaches described in section 111

- the autonomy is gained using integrated batteries
which are charged automatically in specific locations
along the rail while the carriage is resting between
two movement scenarios.

Figure 17. H field for a parallel plane

Figure 18. H field for a perpendicular plane
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V. CONCLUSIONS

An original low cost system has been implemented as a
solution for large setups of shelves on which items with
RFID tags are stored. It is suitable for a large store due to
the scalability of the mechanical system proposed for
moving the reader. The mobile unit is autonomous, with

included processing facilities and with full wireless
connection to the other components of the store
management system.

REFERENCES

[1] R.Bhattacharyya, C.DilLeo, C.Floerkemeier, S.Sarma, and
L. Anand, “RFID tag antenna based temperature sensing using shape
memory polymer actuation, ” in IEEE Sensors, pp. 2363 - 2368, 2010.
DOI: 10.1109/ICSENS.2010.5690951.

[2] R. Bhattacharyya, C. Floerkemeier, and S. Sarma, “RFID tag antenna
based temperature sensing,” in IEEE International Conference on
RFID, pp. 8 - 15, 2010. DOI: 10.1109/RFID.2010.5467239.

[3] S.T. Bukkapatnam and R.Komanduri, “Container integrity and
condition monitoring using RF vibration sensor tags,” in IEEE
International Conference on Automation Science and Engineering,
CASE'07, pp. 585 - 590, 2007. DOI: 10.1109/COASE.2007.4341790.

[4] A.Cai, X. M. Qing, and Z. N. Chen, “High frequency RFID smart
table antenna,” Microwave and Optical Technology Letters, vol. 49,
September 2007. DOI: 10.1002/mop.22662

[5] J.S. Choi, Accurate And Cost Efficient Object Localization Using
Passive UHF RFID, PhD thesis, The University of Texas at
Arlington, May 2011.

[6] C. Decker, U. Kubach, and M. Beigl, “Revealing the retail black box
by interaction sensing,” in Proceedings of the 23rd International
Conference on Distributed Computing Systems Workshops, ICDCSW
'03, pp. 328-333, 2003. DOI: 10.1109/ICDCSW.2003.1203575.

[71 K.D’hoe, A.Van Nieuwenhuyse, G.Ottoy, J.-P. Goemaere, and
L. De Strycker, “A new low-cost HF RFID loop antenna concept for
metallic environments,” in 16th International Conference on Systems,

121



Advances in Electrical and Computer Engineering

(8]

[°]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

122

Signals and Image Processing, IWSSIP'09, pp.1 - 5, 2009. DOI:
10.1109/IWSSIP.2009.5367785.

K. D'Hoe, A. Van Nieuwenhuyse, G. Ottoy, L. De Strycker, L. De
Backer, J.-P. Goemaere, and B. Nauwelaers, “Influence of different
types of metal plates on a high frequency RFID loop antenna: Study
and design,” Advances in Electrical and Computer Engineering,
vol. 9, no. 2, pp. 3-8, 2009. DOI: 10.4316/AECE.2009.02001.

C. Floerkemeier and M. Lampe, “Issues with RFID usage in
ubiquitous computing applications,” in PERVASIVE, vol. 3001 of
LNCS, pp. 188--193, 2004. DOI: 10.1007/978-3-540-24646-6_13

C. Turcu, ed., Current Trends and Challenges in RFID. InTech, 2011.
S. Hinske and M. Langheinrich, An RFID-based Infrastructure for
Automatically Determining the Position and Orientation of Game
Objects in Tabletop Games, pp. 311-336. Shaker Verlag, 2007.

D. Huang, C.Su, and P.Fang, Digouand Kang, “RFID and GSM
technology building intelligent relief supplies distribution and
monitoring system,” in 2010 International Conference on Web
Information Systems and Mining, WISM'10, pp. 26 - 29, 2010. DOI:
10.1109/WISM.2010.104.

S. Kawdungta, C. Phongcharoenpanich, and D. Torrungrueng,
“Design of flat spiral rectangular loop gate antenna for HF-RFID
systems, ™ in Asia-Pacific Microwave Conference, APMC 2008, pp. 1
- 4,2008. DOI: 10.1109/APMC.2008.4958407.

A. Krohn, T.Zimmer, M. Beigl, and C. Decker, “Collaborative
sensing in a retail store using synchronous distributed jam signalling,”
in 3rd International Conference on Pervasive Computing, vol. 3468
of Lecture Notes in Computer Science, pp.293-300, 2005. DOI:
10.1007/11428572_15

P.-Y. Lau, K. K. O. Yung, and E. K. N. Yung, “A smart bookshelf for
library RFID system” in Asia-Pacific Microwave Conference,
APMC'08, pp. 1 - 4, 2008. DOI: 10.1109/APMC.2008.4958058.

Y. Lee, “Antenna circuit design for RFID applications,” tech. rep.,
Microchip Technology Inc., 2003.

P. Li, Y. Lu, and W. Liu, “RFID high frequency 3-dimensional loop
antenna analysis and design,” in 2009 IEEE/ASME International
Conference on Advanced Intelligent Mechatronics, pp. 1119 - 1123,
2009. DOI: 10.1109/A1M.2009.5229736.

L. W. Mayer, Antena design for future multi-standard and multi-
frequency RFID systems. PhD thesis, Vienna University of
Technology. Faculty of Electrical Engineering and Information
Technology, 2009.

C. R. Medeiros, J. R. Costa, and C. A. Fernandes, “RFID smart shelf
with confined detection volume at UHF,” IEEE Antennas and
Wireless Propagation Letters, vol. 7, pp.773 - 776, 2008. DOI:
10.1109/LAWP.2008.2008672

C. Medeiros, J. Costa, and C. Fernandes, “RFID reader antennas for
tag detection in self-confined volumes at UHF,” IEEE Antennas and
Propagation Magazine, vol.53, pp.39 - 50, April 2011. DOI:
10.1109/MAP.2011.5949323.

K. Michael and L. McCathie, “"The pros and cons of RFID in supply
chain management,” in Proceedings of the International Conference
on Mobile Business, pp.623-629, July 2005. DOI:
10.1109/ICMB.2005.103

K. Mizuno and M. Shimizu, “Transportation Quality Monitor Using
Sensor Active RFID,” in International Symposium on Applications
and the Internet Workshops, SAINT-W'07, pp. 19 - 22, 2007. DOI:
10.1109/SAINT-W.2007.103.

NeWave Sensor Solutions, ““Smart Shelf” presentation. A new
solution for dramatically improving merchandise availability.”
http://newavesensors.com/NeWave_SmartShelf_Presentation.pdf.
NeWave Sensor Solutions, “NeWave antenna presentation."
http://newavesensors.com/NeWave_Antenna_Presentation.pdf.

S. Nikoli, D. Antic, B. Dankovic, M. Milojkovic, Z. Jovanovic, and S.
Peric, “Orthogonal functions applied in antenna positioning,”
Advances in Electrical and Computer Engineering, vol. 10, no. 4,
pp. 35 - 42, 2010. DOI: 10.4316/AECE.2010.04006.

C. Phongcharoenpanich, “Investigation of antennas for RFID reader,”
in NTC International Conference, 2009.

M. Polivka and A. Holub, “Electrically small loop antenna surrounded
by a “shell” of concentric split loops,” in 2010 Proceedings of the
Fourth European Conference on Antennas and Propagation
(EuCAP), pp. 1 - 3, 2010.

A.E. Popugaev and R. Wansch, “A small high performance metal-
mountable RFID tag antenna,” in Proceedings of the Fourth
European Conference on Antennas and Propagation, pp. 1 - 4, 2010.
X.Qing, Z.N. Chen, and A.Cai, “Multi-loop antenna for high
frequency RFID smart shelf application,” in 2007 IEEE Antennas and
Propagation Society International Symposium, pp. 5467 - 5470, 2007.
DOI: 10.1109/APS.2007.4396785.

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

[40]

[41]

[42]

(43]

[44]

[45]

[46]

[47]

(48]

Volume 11, Number 4, 2011

X.Qing and Z.N. Chen, “Characteristics of a metal-backed loop
antenna and its application to a high-frequency RFID smart shelf,”
IEEE Antennas and Propagation Magazine, vol. 51, no. 2, pp. 26 -
38, 2009. DOI: 10.1109/MAP.2009.5162014.

X. Qing and C. Z. Ning, “Interference issues in HF RFID smart shelf
system,” in IEEE Antennas and Propagation Society International
Symposium, APSURSI ‘09, 2009. DOI: 10.1109/APS.2009.5171444.
M. Rata, G. Rata, A. Graur, and V. Popa, “The influence of different
materials in 13.56 RFID system,” in 2007 1st Annual RFID Eurasia,
pp. 1 -3, 2007. DOI: 10.1109/RFIDEURASIA.2007.4368088.

J. Rathod and Y. Kosta, “Low cost development of RFID antenna,” in
Asia Pacific Microwave Conference. APMC 2009, pp. 1060 - 1063,
2009. DOI: 10.1109/APMC.2009.5384370.

L. Ruiz-Garcia and L. Lunadei, “Monitoring cold chain logistics by
means of RFID,” in Sustainable Radio Frequency Identification
Solutions (C. Turcu, ed.), ch. 3, p. 356, INTECH, February 2010.

O. Sangratanachaikul, K. Shin'ichi, and K. Sezaki, “An easy-to-
deploy RFID location system,” in Adjunct Proceedings of Pervasive,
(Sydney,Australia),2008.
http://www.pervasive2008.org/Papers/LBR/Ibr9.pdf.

M. Sivakumar and D. Deavours, “A dual-resonant microstrip antenna
for paperboard in the cold chain,” in IEEE Sarnoff Symposium, pp. 1 -
5, 2008. DOI: 10.1109/SARNOF.2008.4520112.

K. Soohan, W.Ryu, and B.Hong, “Transaction processing for
complete reading of semi-passive sensor tag,” in Third International
Conference on  Sensor  Technologies and  Applications.
SENSORCOMM '09, pp.683 - 688,  2009. DOLI
10.1109/SENSORCOMM.2009.110.

J. Sounderpandian, R.V. Boppana, S. Chalasani, and A. M. Madni,
“Models for cost-benefit analysis of RFID implementations in retail
stores,” IEEE Systems Journal, vol.1, December 2007. DOI:
10.1109/JSYST.2007.909788.

A. Soylemezoglu, M. Zawodniok, and S. Jagannathan, “RFID-Based
Smart Freezer,” IEEE Transactions on Industrial Electronics, vol. 56,
pp. 2347 - 2356, July 2009. DOI: 10.1109/T1E.2009.2017553.

G. Steiner, H.Zangl, P.Fulmek, and G. Brasseur, “A tuning
transformer for the automatic adjustment of resonant loop antennas in
RFID systems,” in 2004 IEEE International Conference on Industrial
Technology (ICIT '04), vol.2, pp.912 - 916, 2004. DOI:
10.1109/ICIT.2004.1490196.

R. Suzuki, M. Martins, Y. Ishida, Y. Tobe, S. Konomi, and K. Sezaki,
“An RFID-based human-probe positioning system, ” in 5th
International Conference on Networked Sensing Systems. INSS'08.,
p. 248, 2008. DOI: 10.1109/INSS.2008.4610842.

P. Torkzadeh and M. Atarodi, “A power-efficient Ic quadrature vco
for RFID, Zigbee and Bluetooth standards,” Advances in Electrical
and Computer Engineering, vol. 9, no. 3, pp.34-38, 2009. DOI:
10.4316/AECE.2009.03007.

W. Wang, J. Sung, and D. Kim, “Complex event processing in EPC
sensor network middleware for both RFID and WSN,” in 11th IEEE
Symposium on Object Oriented Real-Time Distributed Computing
(ISORC), pp. 165-, 2008. DOI: 10.1109/ISORC.2008.59.

X. Wang, H. Wang, and G. Wang, “Distributed high-frequency RFID
antennas for smart storage racks,” in 2010 Second International
Conference on Networks Security Wireless Communications and
Trusted Computing (NSWCTC), vol. 2, pp. 472 - 474, 2010. DOI:
10.1109/NSWCTC.2010.244.

L.Yang, Design and development of novel radio frequency
identification (RFID) tag structures. PhD thesis, Georgia Institute of
Technology, 2009.

Y. Yoo, J. Kim, H. Gou, and Y. Hu, “RFID reader and tag multi-hop
communication for port logistics,” in IEEE International Symposium
on a World of Wireless, Mobile and Multimedia Networks Workshops.
WoWMoM 2009, pp. 1 - 8, 2009. DOI:
10.1109/WOWMOM.2009.5282487.

H. Zhu, S. Lai, and H. Dai, "Solutions of metal surface effect for HF
RFID systems,” in International Conference on Wireless
Communications, Networking and Mobile Computing, WiCom 2007,
pp. 2089 - 2092, 2007. DOI: 10.1109/WICOM.2007.522.
RFIDSpan Technology Smart Shelf
http://mysite.verizon.net/rfidspan/antenna_plate.html

Solution,



