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Years ago, the simple need for goods (food, clothes, tools, and
medicines) was the main concern for the majority of people.
At that time, the quality of such goods was a minor issue.
However, as economic growth provides ever more people
with the surplus income to choose and, more importantly,
improved communications technology provides information
supporting that choice, traceability of these goods became a
must. This traceability represents something similar to the
identity card of a product: it is the information on what,
where, and when anything happens along the production
chain. Assuring the traceability sequence and its veracity rep-
resents a key factor in the competitiveness of many industries
in the developed countries: it is a way to compete against low-
cost products with less origin guarantee and processing
information.

Traceability processes traditionally involved paper proce-
dures, systematic tasks, and so were tedious and error-prone
jobs, requiring manual checking each item of a product and
the taking of notes about its production processes. Radio
technologies could be a solution to systematize the capture
of traceability data, its management, and, importantly, its
sharing amongst partners in a value chain. Sensors, wireless
networks (WiFi and WiMAX), radiofrequency identification
(RFID), near-field communications (NFC), personal area
networks (PAN), and so on are only some examples of pos-
sible radio technologies involved in improving traceability
methods. A significant effort has been made in the analysis,
research, and application of such technologies to tracea-
bility purposes, as the data provided to the consumer can
be the main success factor for the producer. These efforts

include antenna and sensor design, radio propagation stud-
ies, electronic development, and regulatory aspects, among
many others.

The contributors to this special issue were invited to ana-
lyze the different aspects related to the application of radio
systems on traceability tasks. We were interested in papers
that theoretically or empirically characterize the use of such
systems in traceability applications, propose new antenna
designs, introduce applications to different productive sec-
tors, evaluate the impact on the supervised processes, and
describe or develop techniques to improve the track of the
products during their processing.

Some papers in this special issue put the focus on the
propagation problem in storehouses, factories, and fisheries,
places at which wet and metallic objects are installed all
around. All of the papers are based on actual systems,
installed and tested in authentic workplaces. Some of them
also provide innovative solutions as specially designed anten-
nas, data loggers, or propagation tailor-made studies.

The work presented by I. Angulo et al. is focused on the
difficulties of deploying radio-based traceability systems in
environments as unfriendly as storehouses. Specific needs, as
environment characteristics and time required to be handled
by workers, are taken into account along this paper, exem-
plified in a prototype of a system for tracking pallets loaded
with electronic devices.The prototype is based onUHF-RFID
technologies.

The paper authored by L. Mainetti et al. presents a gapless
solution to provide traceability along the complete fresh
vegetables supply chain. They analyze critical aspects in
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the management of such supply chain, in particular, those
related to the cultivation in greenhouses and manufacturing
packaged vegetables.They proposed a solution based on com-
bining RFID and NFC and supported by international stan-
dards as EPCglobal.The proposed system allows the end user
to know the history of the purchased vegetables.

A novel antenna system with applications in location and
tracking of small laboratory animals is the content of the
paper written by L. Catarinucci et al. They analyze the prop-
agation considerations, the effect of the animals (simulated
by phantommice) in the radio channel, and also the tracking
algorithm, in a paper covering antenna design, prototyping,
and testing.

The application of RFID technology in the fish supply
chain combined with data loggers to provide continuity for
traceability purposes in terms of cold chain control is the
main topic of thework presented byM. Trebar et al.They pro-
vide actual tests of radio systems working in wet and cold
environments, as fish farming industry presents, which are
not so auspicious for electromagnetic propagation.

The paper offered by I. Expósito and I. Cuiñas is devoted
to the limitations of the use of RFID (and, in fact, any other
radio-based technology) for traceability at beverage factories.
The presence of metallic elements and liquids at most of such
factories appears to represent a problem when a radiowave
has to be propagated within this kind of environments. An
experimental analysis on propagation limitations is presented
along the work, providing results of tests performed by a large
variety of RFID antenna designs.

Iñigo Cuiñas
Robert Newman

Mira Trebar
Luca Catarinucci
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Radio frequency identification (RFID) is an innovative and well-recognized technology that supports all kinds of traceability
systems in many areas. It becomes very important in the food industry where the electronic systems are used to capture the data
in the supply chain. Additionally, RFID data loggers with sensors are available to perform a cold chain optimization for perishable
foods. This paper presents the temperature monitoring solution at the box level in the fish supply chain as part of the traceability
system implemented with RFID technology. RFID data loggers are placed inside the box to measure the temperature of the product
and on the box for measuring ambient temperature. The results show that the system is very helpful during the phases of storage
and transportation of fish to provide the quality control. The sensor data is available immediately at the delivery to be checked on
the mobile RFID reader and afterwards stored in the traceability systems database to be presented on a web to stakeholders and
private consumers.

1. Introduction

Consumers are more and more interested in receiving the
information about the food they purchase and consume.They
want to knowmore about the food composition, the origin of
materials, the process history, and handling actions during
the delivery. The main problem is how to control the food
safety and quality with a traceability system in the production
and distribution processes which themandatory in European
Union since 2002 [1]: “The food law aims at ensuring a high
level of protection of human life and health, taking into
account the protection of animal health and welfare, plant
health and the environment. This integrated “farm to fork”
approach is now considered a general principle for EU food
safety policy.” Furthermore, the document encompasses the
importance of solutions that will fulfil all requirements: “It
is necessary to ensure that a food or feed business including
an importer can identify at least the business from which the
food, feed, animal, or substance that may be incorporated
into a food or feed has been supplied, to ensure that on
investigation, traceability can be assured at all stages.”

In a global environment it is very important to strengthen
the food control to enforce risk-based food strategies and gain
consumers’ confidence. The EU project “RFID from Farm
to Fork” (RFID-F2F) was funded by the European Union
to demonstrate the use of radio frequency identification
(RFID) in the implementation of an internet-based traceabil-
ity system in the food and drink supply chain [2]. Several
pilots were defined to maintain product and information
flow upstream from the farm to the fork which enables the
downstream query of information from the fork back to the
farm [3]. Additionally, the cold chain analysis was based on
temperature monitoring by RFID technology to improve the
quality control.

Recently, many food traceability solutions and cold chain
monitoring of temperatures are presented with the use of
RFID technology, sensor, and wireless technologies. These
systems are showing direct benefits in quality, safety of
products, and supply chain optimization with fast product
recalls of perishable food. Actually, one of the proposed real
time monitoring solutions for cold chain distribution was
using all three different technologies to meet the marketing
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requirements [4]. The results showed that retailers could
use inventory and quality information for the promotion
of products and prevent delivery of spoiled products to
customers. Demonstrations of fresh fish logistics chain with
RFID smart tag developed for real-time traceability and cold
chain monitoring show important advantages in comparison
to conventional barcode identification andmonitoringmeth-
ods [5]. The high frequency (HF) is considered as the best
solution for the integration of foods with water conditions.
RFID readers are operating at 13.56MHz with limited sensor
tags, mobile and GPS which can automate the tasks and, have
significant impact on stakeholders [6]. A transparent solution
collects the temperature measurements in processing and
reading distances of tags up to 1m and USB connections
to a host computer. Quality control, efficient storage, and
transportation of frozen fish can also be well covered with
RFID transport with the theoretical support to establish data
integration network for food quality evaluation. Temperature
monitoring systems are very important in fresh meat chain
as a highly perishable product with a short-shelf life and
are often designed with wireless sensor networks which
can be replaced with RFID data loggers with sensors [7].
A holistic examination of temperature monitoring systems
is presented with the objective of making an important
contribution to optimal solutions in meat supply chains.
Besides, the improvement of systems is based on the real time
monitoring and decision support systems that can prevent
damage of perishable food products during transportation
[8]. The warning functions are based on RFID data and are
used to set up an alarm when something unexpected occurs.

Nowadays, RFID technology is already recognised as a
technology of many opportunities in food supply chain to
improve the information flow and food safety. An overview
of opportunities and constraints is reviewed to show the
widen adoption of RFID technology in agri-food sector [9].
However, we can read about numerous pilot solutions, but
the number of real applications is still limited due to various
management or economic issues as the cost of devices and
RFID tags is rather high and the benefits are not suffi-
ciently recognised yet. Food traceability issues with barriers,
technologies, performances, and many other attributes are
very important for identification and implementation of an
effective traceability system. About 74 studies were reviewed
to highlight researchers on what they should focus on [10].
The most important are standardisation of data, integration
of activities, technological aspects, strategies, and effective
communication between stakeholders.

Very often, one of the issues connected to the distribution
process of perishable food products, either fresh or frozen,
is the increased temperature in trunks during the exposure
to sun [11]. The importance of time-temperature control was
recognised in the potential spoilage of food that can lead
to the incidence of foodborne illness. The study presents
guidelines about how to ensure food safety for consumers at
home and also other stakeholders during the transportation.
This is a good example of cold chain implementation with
RFID data loggers to provide warning systems which are
available on the internet or even on smart phones.

The main objective of the work is to explore the use
of UHF semi-passive RFID data loggers in the traceability
system of fresh fish supply chain.The analyses and evaluation
results of RFID systems and temperature measurements in
the pilot solution are used to represent the cold chain results
to stakeholders. Additionally, the importance and some
benefits of RFID technology are associatedwith experimental
experiences. The paper is structured as follows. Section 2
presents the basic descriptions of RFID technology with
hardware and software solutions, applications for control in
the traceability system during logistics process. Several test
results are discussed in Section 3 to introduce the benefits in
the supply chain of the sea bass fromprocessing room to retail
and private consumer which is followed by the conclusion.

2. Materials and Methods

2.1. RFID Systems. The logistics process with warehousing of
fish is performed by refrigerated vans transporting boxes and
consists of three steps:

(i) the transport of boxes from processing room to the
cold store,

(ii) keeping boxes of fish in the cold store during the
night,

(iii) transport from cold store to the retail or private
consumers.

RFID system in the ultra-high frequency (UHF), operat-
ing worldwide within the 860 to 960MHz band, is used. It
consists of a fixed RFID reader and two antennas from the
producer Impinj (Figure 1(a)); product name is “Speedway
Revolution UHF RFID Reader-R420” [12]. It is designed, to
perform identification in a traceability system of boxes, as
an RFID portal with two actions (receiving, shipping) based
on an external button. Three light indicators are added to
determine the present status of the portal: white—portal is
on; green—receiving; red—shipping.

Furthermore, the cold chain was implemented with two
types of RFID readers.

(i) Fixed UHF RFID reader (Figure 1(b)): UHF reader
(reading range up to 1m): ams AS3991 Low Power
Evaluation Kit (ams AS3991 LP EVK) [13]. Reader
is EPC Gen2 RFID integrated circuits incorporating
physical layers of ISO 18000-6C. Adding a simple
low-cost 8-bit microcontroller completes a high-
performance Gen2 reader for handheld and embed-
ded RFID reader applications. Built-in programming
options make it suitable for a wide range of UHF
RFID applications. New AS3992 reader generation
offers functionality of the previous AS3991 chip and is
dedicated to operation on the DRM link frequencies
used in ETSI and FCC region.

(ii) Mobile RFID reader Nordic IDMorphic (Figure 1(c))
is amobile computer which offers EPCG2UHFRFID
reader in a compact form with an output power of a
100mW. Tags are typically read from a distance up to
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(a) (b) (c)

Figure 1: (a) Impinj Speedway [12]; (b) ams AS3991 [13]; (c) Nordic ID Morphic [14].

50 cm which is defined by manufacturer but can vary
with the RFID tag type [14].

A prototype model of UHF RFID data logger is a
semi-passive demo RFID tag as shown in Figure 2(a). The
main module is SL900A chip, an EPC global Class 3 Gen2
compliant tag which is battery-powered smart label with
cool-Log data logging commands [13]. Figure 2(b) shows the
diagramof the chip dedicated to automatically track,monitor,
time-stamp, and record information about any goods with
shelf-life algorithm in the supply chain. The key features
are the anticollision algorithm, the multilevel data protec-
tion, a smart power supply system and energy harvesting,
and automatic sensors signal acquisition; programmable,
scanning, and interrupt modes of data logging, a mem-
ory saving operation using multilevel limits selection, and
innovative analogue nanotechnology architectures, based on
low-leakage solutions. Chip supports logging data from an
integrated temperature sensor with a typical nonlinearity of
±0.5∘C over the specified temperature range and from the
two external analogue sensors. One of the most valuable
features is the “interrupt triggered mode” on external sensor
inputs that can be used for event-triggered logging, either
from detecting the change of sensing parameter (the level
of which is user defined) or from the external switch or
microcontroller. At each trigger event the selected sensor
values are stored. In addition to the sensor values, the real-
time clock offset is also stored. Very important features of the
smart label used in the described cold chain are temperature
range −40∘C to +125∘C, sensors measurement resolution 15
bit, temperature measurement accuracy ±0.5∘C, frequency
860 to 960MHz, battery supply 1.5 V or 3V, data logging
from using on-chip temperature sensor and two external
sensors, EPC Class 1 and Class 3 compliant, compatible with
EPC Gen2, real-time clock for data logging, external sensor
interrupt capability, serial peripheral interface, on-chip 9K
bit EEPROM, integrated dynamic shelf-life calculation, and
advanced logging with 4 user-selectable limits. In additional
to the Gen2 lock protection, the SL900A offers read/write
protection using 3 password sets for 3 memory areas.

The analysis of RFID readers and RFID data loggers
with temperature sensor (RFID-TL) was performed in the
laboratory before the real implementation in the supply

chain. The boxes of fish are made of Styrofoam; they con-
tain the ice and also water when ice melts under higher
temperatures. Furthermore, detailed tests of electromagnetic
activities inside the styrofoam box were done to decide where
to place RFID data logger. Several tests were performed
to measure the maximum reading range of outside and
inside the box, with and without ice. The position of RFID-
TL regarding the reader is very important for handheld
RFID reader with linear antenna which requires rectangular
positions of RFID tag to be matched in polarization to obtain
the best read range. It was acceptable to use the RFID reader
for passive RFID tags and RFID data loggers with about
20 cm read range. The results show that the proposed RFID
hardware could be appropriate for the purposes of a pilot.
RFID temperature loggers and also RFID tags could be read
through ice with Impinj reader [12]. Normally, many RFID
tags attached to boxes were read as they pass near the reader
antenna. For RFID-TL temperatures are read and checked in
most cases by the delivery to the customer where they are
removed from the box.

2.2. Fish Supply Chain. RFID traceability system was
deployed in the northern part of the Adriatic Sea at the
family owned fish farm [15]. The business process consists
of complete supply chain of a very tasty, always fresh and
high quality fish, “Piran sea bass.” The main objectives of the
fish pilot were the implementation of RFID technology as
the “TRACK” function in the supply chain, including farm,
processing, logistics and retail shown in Figure 3. The last
step customer is also included but in the opposite direction
as the “TRACE” operation to retrieve all the important
information about the product.

A process of breeding sea bass from arrival of juveniles
to the time of harvesting is monitored at the fish farm.
The processing phase includes collecting orders, weighing,
sorting, packaging fish into boxes, and applying cold chain
control with aggregation of RFID-TL to the box. Each box is
also labelled with RFID tag and printed information with QR
(Quick Response) code and prepared for the transportation.
After that, boxes are transported in the van to cold store and
on the next day delivered to customers (retail, restaurants,
supermarkets, and private consumers). At the delivery to the
retail, RFID-TL is disaggregated from boxes which are then
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Figure 2: (a) The ams data logger-SL900A; (b) EPC Gen2 C3 single-chip data logger scheme [13].
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Figure 3: Fish supply chain.

placed in cold store until the fish is placed on the ice to be
displayed for sale.

The use of RFID technology in supply chain is based
on the standardized solution of EPC global network. The
architecture is easy to use and it is easy to implement the
mechanisms of the data interchange between servers, called
EPC Information Services [16]. For the project GS1/EPC
global format was selected which is currently used worldwide
[17], is the format of choice when interacting with EPCIS, and
allows to encode information suitable for business processes.
The EPC (Electronic Product Code) uniquely identifies each
single entity being traced. It is stored on the RFID tag and
is a standard that defines EPC Gen2 tag data for products
(GTIN—Global Trade Identification Number and SGTIN—
Serial GTIN), EPC global Class 3 tag data for assets (GRAI—
Global ReturnableAsset), and locations (GLN—Global Loca-
tionNumber).The unique identification is composed of three
parts: manager ID, object class, and serial number which
exactly specify traceable units.

2.3. Cold Chain. The demonstration of cold chain exper-
iments is done with RFID data loggers with temperature
sensor (RFID-TL). It is comprised of the following steps:

(i) RFID-TL initialization and Start Logging;
(ii) placement of RFID-TL in the box (aggregation);
(iii) identification of RFID-TL on the portal;
(iv) removal of RFID-TL from the box (disaggregation);
(v) Stop Logging and collection of temperature measure-

ments.

Cold chain control was implemented during the pilot
deployment in year 2012. Test scenarios were setup for the
following options:

(i) ambient temperatures whenRFID-TL is placed on the
box;

(ii) temperatures inside the box when RFID-TL is placed
between or on the top of packed fish;

(iii) temperatures of the fish when RFID-TL is placed in
the gutted fish which is covered with ice.

Figure 4 shows the logistic process with the control of
temperatures that starts at the processing room in Seča when
all orders are prepared for the transport. The boxes are
placed into the van which delivers them to the cold store
in Izola where the second phase of processing takes place.
For customers that ordered gutted or fileted fish, the cleaning
and packing processes are performed. After that all boxes are
placed in the cold store. Next day, the boxes are delivered to
the customers where the cold chain control ends, RFID-TLs
are removed from the box, and sensors data is checked and
uploaded to the traceability server.

The tests were performed on two types of packaging
methods of fish in different boxes. An open white styrofoam
box is used for retailers, restaurants, and supermarkets which
buy larger quantities of fish that are completely covered
with ice in the packing process. Another type of smaller
boxes which are tightly closed is used for the delivery
directly to customers at any location and ensures the required
temperature conditions.The cold chain control is divided into
three phases.

(i) Initialization of RFID data loggers is done in the
processing room before the use. The mobile RFID
reader is used to aggregate RFID data loggers with the
box before their placement between the fish inside the
box and outside the box. This is done before the box
is filled with ice.

(ii) The identification of RFID data loggers is recorded
on RFID portal in cold store to record their presence
during the logistics process.

(iii) RFID data loggers are removed from the box at the
delivery to the customer. They were disaggregated
with the box, and temperature measurements were
read and stored to the sensors database.

Figure 5 shows the first step in the cold chain process.
Mobile RFID reader application reads the EPC code of RFID-
TL (Figure 5(a)) and then the EPC code of a box (Figure 5(b))
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to perform the aggregation of both codes in the EPCIS events
sent to the database of traceability system.

In the next step, twoRFID-TLs are placed in thewhite box
to be used in the second step of the processing (Figure 6(a))
where three different options of measuring temperatures in
the box are presented to analyse the results. We measured
temperatures for two various ways where one RFID-TL is
placed in the gutted fish (Figure 6(b)) and between the fish
(Figure 7(a)).

Finally, the ice is placed on the fish to maintain low
temperatures, the box is covered and closed with adhesive
tape. Figure 7(b). shows how the second RFID-TL is attached
to the box to be stored in the cold store. The fish box is after
that transported to the cold store and on the next morning
to private consumer where the process of disaggregation
is performed, and RFID-TLs are removed from the box
(Figure 8). A mobile RFID reader is used to generate events,
to read temperatures from the user memory and to send data
to sensors database. Furthermore, another application on
mobile RFID reader supports the inspection of temperatures
which gives the company immediate control of processes and
handling conditions of delivery.

The initialization parameters of RFID-TLs were setup in
advance on fixed RFID reader to use the same configuration
in all tests. Log Interval for temperatures to be stored in
the user memory was six minutes. Start Logging command
was used at the beginning of each test to enable the cold
chain control, and Stop Logging was used to stop recording
temperatures.

2.4. Software Applications. Two applications were developed
for the cold chain implementation to be included in the fish
pilot: (i) initialization and examination of data for RFID-
TL; (ii) aggregation of cold chain in the fish pilot. The third
application on RFID portal was developed for the fixed
Impinj Speedway reader [12] which was used as a part of
traceability system and was also detecting the presence of
RFID-TLs during logistics process with that application.

Initialization of RFID-TLs is performed on UHF RFID
fixed reader [13] which is connected to the computer. The
application is defined with a graphical user interface (GUI)
to control initialization of each RFID-TL with constant
specifications used in all tests. GUI is divided into two

sections—the Tab section (current selected tab) and the Log
section (communication data). Tab section consists of: (i)
Settings—definition of RFID-TL parameters with start and
stop logging; (ii) Plot—temperature graph.

The tab Settings (Figure 9) supports the following.

(i) Start Logging—set up of logging parameters and start
logging temperatures.

(ii) Stop Logging—stop logging and storing tempera-
tures.

(iii) Set Zeros—reset the user memory.

The predefined parameters for cold chain experiments in
fish supply chain are as follows.

(i) Start Time: RFID-TL starts logging with Execute
button (now).

(ii) Delay Time: 00:00 (no delay).
(iii) Logging form:

(a) Dense—all measurements defined with Log
Interval are stored in user memory;

(b) Out of Limits—only measurements that fall
out of specified limits are stored in the user
memory;

(c) Limits Crossing—measurements that cross the
limits are stored in the user memory.

(iv) Log Interval (MM:SS)—specifies the period between
two temperature measurements.

(v) Sensor Enable—temperature sensor is enabled or
disabled.

(vi) The last four parameters are used to specify limits
with selected logging forms Out of Limits and Limits
Crossing.

Afterwards, in the experiments with the predefined
parameters only Start Logging is required before RFID-TL is
placed in the box to measure temperatures of the fish during
the transport and warehousing. Stop Logging is used at the
end of the control process to have RFID-TL ready for the next
test.
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(a) (b)

Figure 5: RFID-TL (a) is identified; and (b) aggregated with the box.

(a) (b)

Figure 6: RFID-TL (a) in a box; (b) into the fish.

The tab option Plot shows the graph of temperatures
stored in the user memory on RFD-TL. Furthermore, all
initialization parameters with the number of temperature
measurements and other parameters are shown in Figure 10.
The temperature measurements can be exported in an Excel
sheet to be used for further analyses.

The second cold chain application was designed on hand-
held RFID reader to define aggregations and disaggregations
of RFID-TL inserted in the box. A simple GUI is used to
perform reading of EPCs in two steps at the beginning and
at the end of the cold chain activities. In the aggregation
are first scanned EPC code of RFID-TL and after that
EPC code of the box in which RFID-TL is placed. At the
end, when disaggregation is performed a process of reading
temperatures from the user memory on RFID-TL is added.
In both cases, scanned EPCs are used as a part of pilot
solution where data is uploaded to F2F project traceability
server. Temperature measurements were also uploaded in the
real time to the server and stored into sensor database. The
results were used to realize all benefits fromRFID traceability
in the supply chain by identifying and tracking assets that
performed cold chain control.

3. Results and Discussion

The UHF RFID monitoring system is affected by envi-
ronmental conditions when RFID reader is used to read
sensors data that was logged on RFID-TL during the logistic
stage. Any conductive material or humidity may suppress
the electromagnetic field strengths which affects the reading
reliability. Possible solutions are multiple antennas placed in
the area and using the DRM (dense reader mode) feature
of modern readers [12]. Amplitude and phase (AM&PM)
demodulation is also a useful feature to eliminate communi-
cation holes through automatic I/Q selection and frequency
hopping [13]. The Impinj reader was capable of reading
EPC code and temperatures of RFID-TL inside the fish box
when passing the cold store gate.The battery assisted logging
function onRFID-TL does not need any electromagnetic field
and is therefore unaffected by the environment. RFID-TL is
removed at the end of themonitoring phase from the box and
the data is read out in the “clean” environment.

Cold chain tests are part of the logistics phase in fish
supply chain which comprises of the warehousing in cold
store and transport of fish which is completed in two days.
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(a) (b)

Figure 7: RFID-TL (a) is placed between the fish; (b) closed styrofoam box.

Figure 8: Read RFID data logger.

Figure 9: RFID-TL application-Settings.

Packed boxes are three times per week transported from
processing room located in Seča to the cold store in Izola
where they are stored over the night. Boxes are next morning
transported from cold store to retailers, restaurants, super-
markets, and private consumers. The RFID implementation
in cold store consists of the identification of boxes labelled
with RFID tags and included RFID-TLs. Three automatic
control functionalities are as follows

(i) shipping boxes from the processing room;
(ii) receiving boxes at the cold store;
(iii) shipping boxes from the cold store to customers.

The presented solution is implemented with RFID portal,
placed on the cold store door and connected to the computer.

Figure 10: RFID-TL application—Plot.

RFID reader identifies each box with unique Electronic
Product Code (EPC) which is stored in RFID label printed
in the processing phase. Additionally, reusable RFID data
loggers with sensors are added in the processing phase and
removed from the box at the delivery to customers. Each
device is also identified on RFID portal with unique EPC
specified as assets by traceability standard and aggregated
with the box EPC to link temperature measurements with
the delivered box of fish. At each step, computer applications
generate events to be uploaded to EPCIS repository on the
server.

Several tests including monitoring of temperatures were
performed during the evaluation of the traceability system to
analyse the performance of RFID technology in fish supply
chain. All applications were developed and programmed for
the fish pilot deployment based on requirements of business
processes. For RF communication of readers and tags low
level protocol specifications were used. The data was stored
in EPCIS based repository which was built on Fosstrak Open
Source RFID Platform [18].

The results of two cold chain tests are presented in the
graph (Figure 11) to analyse the temperatures for different
placement of RFID-TLs which has an important meaning
in interpretation of received results. The first test was done
for the transport from Seča to Treviso. RFID data loggers
were placed in the box between the fish to measure the
temperature inside the box and on the box to measure
ambient temperature. They were initialized on 23 April 2012
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Figure 11: Temperature graph (Seča, 23.4.2012—Treviso, 24.4.2012).

before they were prepared with the fish order for the private
customer to be sent to the home address. The delivery
was made directly to the logistics partner in Italy where it
was stored during the night and the next day delivered to
the customer. Figure 11 shows the cold chain process with
temperatures during the following.

(i) Processing—RFID-TL is close to the ice in the white
box and temperature in the box very quickly reaches
required temperatures between 0∘C and 4∘C.

(ii) Transport—the box was transported in a cooled van
by the company from Seča to the logistics partner in
Italy. Temperatures in the van were very low, approxi-
mately 0∘C, and temperatures in the box decreased to
the lowest temperature about 2∘C.

(iii) Warehouse and transport—the box was stored in the
warehouse (cold store) with temperatures between
10∘C and 15∘C which caused the temperatures in the
box to start increasing which is extended also in
the last part when the box was transported to the
customer.

(iv) Customers’ location—when the box was delivered to
the customer it was left in the room with higher
temperatures between 20∘C and 25∘C which caused
also faster rise of temperatures in the box.

The ambient temperature caused melting of ice, and
temperature in the box has slowly risen. In this case it is very
important the position of RFID logger where it measures the
temperature.

The second test was analysed for the transport from Seča
where the box was received at the laboratory in Ljubljana.
RFID data loggers were placed inside the fish and on the
box to measure ambient temperature. The logistics process
consisted of the transport from processing room to the cold
store in Izola and on the next morning to the customer.
Figure 12 shows the cold chain process with temperatures:

(i) Processing 1 and transport—RFID-TL is placed
directly under the ice in the white box and temper-
ature very quickly reaches temperatures under 0∘C.
During the transport in a cooled van from Seča to
Izola the ambient temperature was also decreased.
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Figure 12: Temperature graph (Seča, 7.6.2012—Ljubljana, 8.6.2012).

(ii) Processing 2—the RFID-TL was removed from the
white box, the fish was cleaned, and temperatures in
the room increased approximately up to 12∘C before
the fish was packed into the new box for the private
customer where temperatures were decreasing again
after the packing process.

(iii) Cold store—the box was stored over the night where
the temperatures were around 10∘C. The temperature
of the fish decreases and is all the time around 0∘C.

(iv) Transport—the delivery of boxes was performed on
the next morning in a cooled van from coldstore in
Izola to customer locations. Ambient temperatures
vary when the boxes are prepared for the transport
and when the van is opened during the delivery
process. This doesn’t have any influence on the tem-
perature of the fish which is all the time constant
around 0∘C.

(v) Customers location—when the box was delivered to
the customer it was left in the room with higher
temperatures, and temperatures of the fish continued
to rise very slowly.The last temperature is recorded at
the time of removing RFID-TL which caused the last
measurement to be the same as ambient temperature.

The performance analyses of the hanheld RFID reader
were done in real environment for aggregations and disaggre-
gations where EPC code of one box and one RFID-TL were
read one after another.

The proposed traceability solution and cold chain imple-
mentation in logistics and warehousing stage use the same
technology based on UHF band which enables the use of
the same hardware for two tasks which is not the case in
[5] where high frequency RFID technology is used which
is not compliant with GS1 traceability standard. According
to the solution with sensor devices [8] and wireless sensor
networks (WSNs) in our case these systems can be replaced
with reusable RFID data loggers to save on the equipment
cost. In comparison to other systems [6, 10], this paper
presents an improved solution of item identification in the
food supply chain which is upgraded with monitoring data.
It is a standardised approach supported by GS1 organisation
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that includes all stages in the supply chain even if they are
maintainedwith several partners.Themost important benefit
of this technology is the electronic collection of temperatures
with data that can be shared worldwide. The implementation
of cold chain requires reusable RFID data loggers with
temperature sensors of ±0.5∘C accuracy. Additionally, the
history information about the product will be supported by
cold chain data and available to consumers.

4. Conclusions

The logistics phase of the food supply chain is very important
to guarantee the foodquality and freshness.The transport and
warehousing of boxes were a part of the traceability system
controlled by RFID readers at the end of processing and
on the entrance door of the cold store with receiving and
shipping processes. RFID portal performed identification of
boxes and RFID data loggers that pass through the door. The
results were used in other applications to verify customer
orders.

The paper presented the analysis of cold chain as a part of
traceability pilot performed with RFID technology from fish
farm to consumers. The main elements and functionalities of
such systems were evaluated, used in the fish supply chain,
but they could be easily extended to other food sectors. Some
drawbacks of the technology still exist due to the reason of
high prices of RFID readers and passive tags when we are
talking about small quantities of traced items in the supply
chain. This is not the case with RFID-TLs which are reusable
smart tags that could be successfully applied in the existing
RFID system. Additionally, companies are not aware of the
benefits, or they already have a barcode system which is
working well.

The future work will be oriented towards the design
and implementation of a monitoring system with RFID data
loggers that supports shelf-life calculations and recognizes
critical measurements that need to be examined.
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In the last few years there has been a growing interest in smart solutions capable of dealing with the traceability of products and
materials to improve logistical processes. Most of the existing solutions have been designed without considering the difficulties
of deploying traceability systems in the storehouses currently working, not dealing with specific needs, such as environment
characteristics or time required to be handled by workers. In this paper, in order to test the viability of its application, a first
prototype of a traceability system capable of checking the content of pallets loaded with electronic devices is presented. It is based
on ultra-high frequency (UHF) radio frequency identification (RFID) technology using passive tags. A holistic approach has been
adopted to design the system: it begins with a radioelectrical characterization of the environment where the check points will be
implemented, continues with the integration of a set of data acquisition and wireless communication devices, and ends with a
logistics information system able to provide final user services. The combination of physical layer analysis with a top layer system
view can aid the planning as well as operational phase of this type of RFID system within a logistic chain.

1. Introduction

Assuring the traceability of goods and its veracity represents
a key factor in the competitiveness of many industries in
developed countries. First, it is a way to compete against low-
cost products with less origin guarantee and processing infor-
mation. Second, in those markets regulated by governments,
where all competitors are offering the same products at sim-
ilar prices and service quality is a decisive factor, traceability
of products represents a key factor to its improvement.

In the last few years there has been a considerable inter-
est in the global concept of traceability of products andmate-
rials. Traceability processes traditionally required manually
checking each item of a product and taking notes of its
production processes.Thus, there is a growing need for smart
solutions in logistics to deal with this challenge and improve
the supply chain. Several researchworks have been developed

which explore different aspects of traceability of goods [1, 2]
applied to different types of industries [3, 4] and needs [5].
Even more important is the interest in sectors where trace-
ability is not only a productive benefit, but a health or safety
necessity. This is the case of food or pharmaceutical ones,
where recently some work related to traceability of medicines
has been published [6].

The main problem is that most of these existing solutions
have been designed without considering the difficulties of
deploying traceability systems in the storehouses currently
working. Thus, they are not capable of dealing with specific
needs that exist in certain sectors, such as the nondesired
intrusiveness with theworkers or the time required to be han-
dled. Radio technologies could be a solution to systematize
the capture of traceability data, its management, and, impor-
tantly, its sharing amongst partners in a value chain. Wireless
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networks, such as WiFi, or radiofrequency identification
technologies, such as RFID, are some examples of possible
radio technologies involved in improving traceability meth-
ods.

Radiofrequency identification (RFID) system is an
autoidentification method that can read codes that were
previously stored in small transponders/tags wirelessly.
Unlike barcodes, RFID does not require imminent handling,
no line of sight is required between the reader and the tags,
and these ones provide greater storage (64 bits, 96 bits, and
496 bits).The tags can be active (battery powered) or passive.
This technology uses attached tags for monitoring and
identifying objects in an omnidirectional fashion, creating
tremendous benefits in a very different kind of applications
like traceability of goods, baggage management, livestock
tracking, and supply chain management [7].

In this paper, in order to test its feasibility, a first prototype
of a traceability system capable of checking the content of
containers (pallet) loaded with electronic devices is explored.
The system is based on a set of check points distributed along
the agents of the supply chain which are able to identify every
electronic device contained in each pallet.Thus, the system is
capable of detecting, by comparisonwith previous readings, if
some of them are lost during the distribution process, when,
and the areawhere the theft or loss has occurred at the specific
stage in the distribution chain. The identification is done by
ultrahigh frequency (UHF) RFID technology using passive
tags, adopting a nonintrusive approach. A logistics software
system is responsible for gathering the data in each check
point, which are sent using available WiFi networks, and
detecting incidences.

The rest of the paper is organized as follows. Section 2
presents someproblems that occurred during the distribution
of electronic devices, the partners involved, and the specific
scenario where the proposed traceability system would be
deployed and finally gives an overview of the benefits that
this system would generate. Section 3 includes a radioelec-
trical characterization of the environment where the check
points will be implemented. Section 4 describes the current
hardware and software tracking prototype implementation,
considering the different parts which conform it: the RFID
based check points, the logistics software system, and the set
of data acquisition and wireless communication devices. And
finally, conclusions and references end the paper.

2. Problem Description

Nowadays, when small or medium sized goods must be
delivered in big quantities, pallets are the most used platform
to bring them together. Goods can often be packaged individ-
ually or some of them are saved in the same cardboard box.
Then, the boxes thatmust be delivered in the samedestination
are placed on a pallet and wound with plastic or another
material (sometimes a wood protection box is used) with the
aim of maintaining all the freight together during the trans-
portation. In Europe, themaximumdimensions of the pallets
are 1.8m height and 1.2m width.

Each element of the freight can be identified using differ-
ent techniques, being barcodes the most common one. But
this system is not useful if the pallet is already composed: the
elements that are not in the edge of the pallet cannot be read
because there is not a line of sight between the barcodes and
the reader. Moreover, the reading of the barcodes is per-
formed one by one, and this task takes a certain time. Another
alternative is not to identify each element of the pallet but to
assign one code to the whole pallet. In a database this code
represents and relates all the elements of the pallet.The draw-
back of this technique is that in case one element is stolen or
lost, this event is not detected until the pallet is unpacked and
all the goods are checked.

This situation can be solved if all the elements are
equipped with RFID tag and an RF reader is placed in the
passing area of the pallet. With the RFID based system pre-
sented in this paper, all the elements of the pallet can be iden-
tified and registered in the traceability or stocking application
(no line of sight is required to carry out the reading) at the
same time slot. But in this scenario, the successfulness of the
reading depends mainly on the propagation characteristics
inside the pallet and the distance between the reader and the
tags. The materials used to package the goods and their own
physical composition determine the attenuation, absorption,
and reflection of the RF signal detected by the RF reader once
the RFID tag has been excited.

In the specific case of the consumer electronic market,
large surfaces and group of stores concentrate mainly on the
sales of these products. The products can be supplied from
producers or from assemblers and are transported by logistics
operators to selling points and coded and displayed on the
shelves.

To make it easier and more competitive, large stores are
pursuing initiatives to manage the traceability of high value
goods. For example, as part of GS1 Italy’s i.Trace initiative [8],
MediaMarkt, a leading European electronics retailer, in part-
nership with DHL, Sony, and Samsung, recently completed a
successful pilot of EPC-enabled RFID technology for high-
value consumer electronics. In this pilot 14,000 units were
tagged, including notebooks, digital cameras, video games,
and mobile phones. A lift truck driver transports completed
pallets through a dock door portal equipped with an RFID
reader. By moving through the portal, the system automati-
cally reads the tags and records the quantities and serial num-
bers of each stock-keeping unit (SKU) that is being loaded
into the truck. At the store’s receiving dock, inbound pallets
are again transported through another gateway portal and are
automatically received. A second gateway portal between the
store’s backroom and the sales floor automatically traces and
records the individual serial numbers that are being moved
to the store floor.

In the case of purchasing centers, the diversity of shops
grouped further complicates the development of a solution
that fits all. Sometimes the small size of the storage infrastruc-
ture complicates the installation of infrastructures so that, in
the proposed system, the identification of the goods at the
point of sale is carried out using a low-cost portable reader.
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In this common scenario, the presented solution will be
carried out in three phases.

(1) The main warehouse of the purchasing center will be
provided with an UHF RFID portal in order to detect
and validate the SKU of the devices sent by producers
through their own logistics operator.

(2) The warehouse staff will validate each pallet or pack-
age shipped to stores through its own shuttle service
using a handheld reader, deployed on every delivery
vehicle.

(3) Inventory managers at the stores will validate the
receipt of the requested units in each purchase order
using the same reader related to the previous stage.

This solution also enhances the security of the supply
chain leading to fewer losses, reduces the time it takes to pro-
cess store shipments, and provides inventory managers with
a method to detect “stock-out” events.

3. Radioelectrical Analysis

Channel performance directly determines the quality of the
communication in terms of sensitivity, capacity, and latency.
Therefore, a very clear understanding of the channel must be
pursued to get high-quality and high-capacity transmission
of the useful information to give an efficient service. In order
to analyze the impact of an RFID system on a logistics
company, a deterministic method based on an in-house
developed 3D ray launching code [6, 9–12], tested in complex
indoor environments, is used.The assessment on electromag-
netic spectrum is of importance in order tomodel overall per-
formance of the system under analysis in terms of coverage
and capacity analysis. A 3D ray launching algorithm has been
implemented in-house based on Matlab programming envi-
ronment. The algorithm is based on geometrical optics (GO)
and geometrical theory of diffraction (GTD). The rays that
are considered in GO are only direct, reflected, and refracted
rays. Abrupt transition areas may occur because of this,
corresponding to the boundaries of the region where these
rays exist. To complement the GO theory, the diffracted rays
are introduced with the GTD and its uniform extension, the
uniform GTD (UTD). The purpose of these rays is to
remove the field discontinuities and to introduce proper field
corrections, especially in the zero-field regions predicted by
GO.

Within the considered scenario, several sources (which
can emulate the transmitter antennas of the readers) can be
placed, in which wireless power is converted into a finite
number of rays launched within a solid angle. Parameters
such as frequency of operation, radiation diagram of the
antennas, number of reflections, separation angle between
rays, and cuboids dimension can be fixed. The commitment
between accuracy and computational time is acquired with
the number of launching rays and the cuboids size of the con-
sidered scenario.The benefit of this approach in radioelectric
estimation is the fact that the proposed 3D ray launching
algorithm can be employed in order to compute RFID
reader link balance within the completed indoor scenario,
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Figure 1: Details of the considered scenario for simulation.

Table 1: Different material properties.

𝜀
𝑟

𝜎 (S/m)
Polyvinyl chloride (PVC) 4 0.12
Polypropylene 3 0.11
Drinking water 20 0.01
Cellulose 1.1 0.035

Table 2: Parameters in the ray launching simulation.

Frequency 868MHz
Vertical plane angle resolution Δ𝜃 1∘

Horizontal plane angle resolution Δ𝜑 1∘

Reflections 6
Transmitter power 0 dBm
Cuboids size 4 cm

which is computationally demanding in the case of full wave
simulation codes. Moreover, time domain results such as
delay spread can be obtained, which can be employed for
further uses, such as location applications.

In order to analyze the performance of the propagation
channel in a typical scenario of traceability in a logistic
company, a simplified pallet with boxes of different materials,
which emulate different products, has been developed for the
3D ray launching code.The pallet has 1000mm × 1200mm ×
200mm dimensions. Figure 1 shows a schematic view of the
considered pallet for simulation with ten rows of 16 boxes
each. The transmitter position is depicted with a red point
just above the boxes, emulating the transmitter antenna of the
RFID reader which is integrated in the pallet truck.

Several simulations have been performed to analyze the
impact of different materials of the products on the pallet.
The properties of the materials have been taken into account
considering their dielectric constant and the loss tangent at
the frequency range of operation of the systemunder analysis.
These properties are shown in Table 1. Table 2 shows the
parameters used in the simulations in the 3D ray launching
code.
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Figure 2: Received power (dBm) for the first row of boxes in the pallet for different material products considered. (a) Polyvinyl chloride
(PVC). (b) Drinking water. (c) Polypropylene. (d) Cellulose.

Figure 2 shows simulation results obtained by means of
in-house 3D ray launching algorithm for the received power
for the bidimensional plane for the first row of boxes in the
pallet which is depicted in Figure 1. The received power
is shown for different material products considered, emu-
lating different pallets of the same product for traceability

applications. It is observed that the material properties have a
great impact on the radiowave propagation. For all cases, the
received power in a tag which could be positioned in each
box of the first row can be read because the received power
is greater than the reader sensitivity. However, it is highly
important to consider this radioplanning assessment because
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Figure 3: Radials of received power for different materials for the
center of the first row of boxes.

the different dielectric properties of the materials could lead
to unread tag cases and give errors in the traceability appli-
cation.

The comparison among the differentmaterials considered
for the first row of boxes along the 𝑥-axis, for 𝑌 = 1.1m is
represented in Figure 3. It is observed a great variability bet-
ween the different positions of the receiver. It is also shown
that, for the cellulose material, the received power is slightly
higher than for the other materials.

To validate previous predictions, measurements with a
real pallet have been performed. Figure 4(a) shows the real
pallet with the transmitter antenna just above the column of
boxes.The tag antenna, ConfidexCarrier a Class 1 Generation
2 passiveUHFRFIDTransceiver, was located inside the boxes
randomly on the top of wrapped electronic circuit boards.
The reader and antenna features are detailed in the next
section. Figure 4(b) shows a schematic view of the considered
pallet for simulation.

Figure 5 shows the comparison between simulation and
measurements, exhibiting good agreement with a mean error
of 0.67 dB. The received power levels have been obtained by
embedding a very short monopole connected to an Agilent
Field FoxN9912A spectrumanalyzer.The results indicate that
the received power decreases with the distance to the trans-
mitter due to the impact of the electronic circuit boards inside
the boxes.

From the previous results, a clear dependence on the loca-
tion of both reader and potential tag placement on the overall
radiolink balance can be observed. Moreover, as the material
properties of the elements which host the RFID tags as well
as the intrinsic properties of the tags (i.e., tag radar cross-
section and chip level mismatch) also have impact on the
received power, it can be a limiting factor in the compliance
with reader sensitivity.The simulation results for a single pal-
let with goods can be in principle extended to a large indoor
scenario (warehouse, office building, etc.), and estimation
of RF power levels for the complete indoor volume can be

obtained. The estimation of the potential values of received
power from the RFID system can be now employed in order
to assess the reading range within the complete scenario
under analysis and therefore aid in the deployment phase of
the RFID readers within such scenario.

4. Traceability System

The proposed system requires active collaboration of man-
ufacturers and assemblers of electronic devices tagging mar-
keted devices individually through anUHFRFID tag.The use
of standards such as EPC Gen 2 [13, 14] facilitates the future
integration of the differentmanufacturers. Receiving docks in
distribution warehouses must include RFID portals to detect
andmake an inventory of the contents of pallets shipped from
the manufacturer. Likewise orders shipped from the ware-
house to the final distributors are also registered using the
same portals or handheld RFID readers for validating the
correct reception.

According to radioelectrical analysis results shown in
Section 3, a prototype of the system that uses exclusively
handheld RFID reader has been implemented in order to
validate the solution.

4.1. Hardware System and Communications. As mentioned
previously, each delivery vehicle is fitted with a handheld
reader to detect the SKU included in each pallet during load
moments in the store and the store receipt.When transporta-
tion in the last stage of the distribution chain is carried out by
third party carriers, the low cost of the portable reader (600C)
allows end stores to have their own equipment to validate the
receipt of orders.

To reduce the cost of this device and for the ease of use
by different actors involved in the supply chain, the portable
RFID reader lacks user interface and internet connection,
requiring to be controlled from a mobile device as shown
in Figure 6. In this sense it has been developed a mobile
application for Android OS that allows interfacing the reader
from a friendly interface that requires no training.

Once the user authenticates, the steps to perform the
validation of a pallet are as follows.

(i) Identify the pallet: this task can be performed using
the keyboard by entering the code of the pallet or, if
the mobile device includes a camera, using the QR
code included in the pallet identification label.

(ii) Enable reading: the reader device activates its receiv-
ing antenna and the device starts sending all labels of
electronic devices that are identified.

(iii) Validate reading: finally, the identification of the pallet
along with all the labels from electronic devices that
have been identified is packaged in an XML file and
sent, using 3G orWiFi, to the central server.Then, the
central server processes the data and returns a mes-
sage indicating a correct validation or reporting the
tags and description of unidentified devices forming
part of the pallet.
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The reader device prototype has been implemented trying
to minimize the cost without compromising reliability in
readings. It consists of three major subsystems.

(i) RFID reader: the prototype has been implemented
using the M5e compact embedded reader from
ThingMagic. The reader provides support for EPC-
global Gen 2 (ISO 18000-6C) tag protocol with anti-
collision [15] and DRM capabilities. Despite its small
size (7 × 10 cm), it provides reading settable transmit
level, adjustable from 10 dBm to 23 dBm. In addition
it supports 860 to 960MHz UHF RFID carrier fre-
quency range to accommodate worldwide regulations
andprovides amaximum tag read rate of over 200 tags
per second andmaximum tag read distance of over 20
feet (6m) using a 12 dBi antenna.

(ii) UHF antenna: a commercial antenna has been used in
the implementation of the prototype. Selected UHF

Back-end system

On-field components

Mobile application

Management software solution

RFID system for pallet identification

Bluetooth Supply chain check points

Control center

SmartphoneWiFi/3G/GPRS

Figure 6: Interaction between the on-field and back-end System
components of the proposed system.

antenna provides a gain of 6 dBi and includes a 2-
meter cable to make easier the access to the pallet
from different angles.

(iii) Embedded platform: an IGEP v2 industrial processor
board manages the information provided by the
reader and the communications with the mobile
device. This card features an ARM Cortex A8 pro-
cessor running at 1 GHz and 512 megabytes of RAM
and connects with the reader through a UART port
to 115200 baud. The connection to the mobile device
is carried out via Bluetooth. When the embedded
platform receives the order to start reading from the
mobile device, it sends the appropriate command to
the RFID reader and stores all the identified labels in
a data collection. Finally, when the phone sends the
validate command, the reader is turned off, and data
collection is sent to the mobile device.
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Figure 7: Management solution control panel web interface.

4.2. Logistics Software System. The developed software solu-
tion fulfills the mission of giving support to the proposed
prototype architecture. To accomplish this, it is based on
two independent but interrelated components: the mobile
application and the management solution deployed on the
central server.

The functionality offered by the mobile application has
already been described in the previous section, performing
mainly coordination and communication tasks, serving as an
accessible entry point to the system, interacting and thereby
integrating the functionality of the various components
involved in the traceability process.

To achieve this, mobile application’s software has the
required configuration to allow interconnection via Blue-
tooth with reading devices in order to receive data from the
performed RFID readings at each check point, as well as con-
nectivity via web services with the centralized management
solution.

In order to obtain the identification data for the shipment
which is being processed, a QR reading service has been
provided. As a result, approaching theQR code printed on the
bill of delivery to themobile application speeds up and largely
automates the acquisition of relevant data (shipment code,
participant identifier, priority, etc.) that would otherwise be
introduced manually by an operator, with the waste of time
and the increase in the probability of making mistakes which
this would entail.

Finally, the mobile application presents a user-friendly
interface through which the user is informed of the discrep-
ancies in the actual and previous reading of pallets, indicating
the potentially stolen items and generating and sending
any incidences to the centralized management solution. The
complete schematic of interaction between the readers and
the management system is depicted in Figure 6.

Thismanagement solution is the key software component
of the proposed solution as it complies with the necessity of
maintaining, updating, and managing in an efficient way all
the information received from the various participants in the
supply chain, as well as providing the tools needed to facilitate
an effective data sharing between heterogeneous devices and
components.

The management software solution thus relates to a cen-
tralized application, deployed in a powerful back-end system,
providing the system with data management and communi-
cations capabilities. This includes the development of a user
control panel, Figure 7, whosemain functionality is described
as follows.

(i) Supply chain traceability: it provides both graphical
and tabular information related to the current status
of the shipments made by the system. It allows a com-
plete pallet traceability, updating data, and informing
the user when the readings and/or incidences from
the supply chain check points are received.The appli-
cation also offers search and filter functionality based
on relevant criteria: order number, delivery date,
dealer/shop identifier, model, and so forth.

(ii) Incidence management: incidents produced (resulting
from a mismatch between subsequent readings) will
be specifically managed by the system, registering
them in the database and counting with various states
(open, managed, closed) that enable its effective treat-
ment by the administrator.

(iii) Electronic devices traceability: section rose to facilitate
control and traceability of particular devices based
on its specific brand, model, or EPC code. Historical
device traceability, any incidences arising, and general
shipping data will be also presented.

(iv) System management: specific section for the internal
management of the system that enables CRUD (cre-
ate, read, update, delete) operations on the partici-
pants of the supply chain as well as other internal
management operations such as user registration and
privilege management.

Besides the business capacities treated in the previous
point, the architecture of the management software solution
is divided into other functional layers following a modular
structure that facilitates reuse, minimization of the coupling,
and allowance for future functional enhancements in the
prototype, Figure 8.

(i) Web services layer: It is developed by .NET technol-
ogy, usingWCF RIA services; this layer is responsible
for coordinating requestsmade to the system from the
different field elements. The use of this service layer
promotes a safe and effective way for data commu-
nication between the components, managing at the
same time system security by giving the necessary
permissions.

(ii) Data persistence layer: Within this layer all informa-
tion transferred between the different elements of the
system was modeled. Microsoft SQL Server 2008
DBMS has been used in this context.The information
related to each shipment is received and stored at the
time the reading is performed at each check-point of
the supply chain. In case any incidence was reported,
this will be registered and stored in the database.

(iii) Communications layer: information relevant to the
application is in the database; however, access to such
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Figure 8: Architecture of the management software solution.

information is done through web services. This tech-
nical decision allows both data and application logic
to be accessed from other devices, thereby ensuring
the scalability and interoperability of the whole sys-
tem. Security is also increased since data access does
not occur directly but through the services, providing
greater control over database queries.

The network will be controlled at all times under a
firewall that prevents unauthorized access.The set of services
developed allows full interoperability between the different
components of the system, which is a major benefit in broad-
ening the number of devices compatible with it and enabling
their development in the future.

5. Conclusions

In this work, the use of RFID technology in order to improve
logistic processes involving merchandise in pallets is pre-
sented. By the use of deterministic in-house 3D ray launching
code, the influence on the election of material parameters as
well as the arrangement of the different itemswithin the pallet
is obtained, which strongly conditions the performance of
the system in terms of reading capacity. The complete system
has been implemented in order to test the viability of its
application in order to enhance logistical processes.The com-
bination of physical layer analysis with a top layer system view
can aid the planning as well as operational phase of this type
of RFID system within a logistic chain.
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The paper presents an innovative gapless traceability system able to improve the main business processes of the fresh vegetables
supply chain. The performed analysis highlighted some critical aspects in the management of the whole supply chain, from the
land to the table of the end consumer, and allowed us to reengineer the most important processes. In particular, the first steps
of the supply chain, which include cultivation in greenhouses and manufacturing of packaged vegetables, were analyzed. The re-
engineered model was designed by exploiting the potentialities derived from the combined use of innovative Radio Frequency
technologies, such as RFID andNFC, and important international standards, such as EPCglobal.The proposed tracing and tracking
system allows the end consumer to know the complete history of the purchased product. Furthermore, in order to evaluate the
potential benefits of the reengineered processes in a real supply chain, a pilot project was implemented in an Italian food company,
which produces ready-to-eat vegetables, known as IV gamma products. Finally, some important metrics have been chosen to carry
out the analysis of the potential benefits derived from the use of the re-engineered model.

1. Introduction

The ability to track and trace complete information at item
level in an efficient and trustworthy manner is becoming
more and more important for companies, mainly due to the
increased consumer concern over the safety and the quality of
the purchased products.This is evenmore true for companies
involved in the fresh vegetables supply chain, because the
delicacy of fresh-cut products requires all stakeholders to
organize their business processes as efficiently as possible to
guarantee the end customers the highest quality products.
The shift from quantity-oriented agriculture to new emphasis
on products quality and people’s safety has placed new
demands for the development and adoption of traceable
supply chains. Traceability represents the ability to capture,
collect, and store information related to all processes in the
supply chain in a manner that provides guarantee to the
consumer and other stakeholders on the origin, location
and life history of a product. In particular, the adoption
of an effective gapless traceability system, in the fresh veg-
etables supply chain, could enable companies to (i) detect

warnings associated with product contaminations quickly
and accurately, and (ii) optimize their main production
processes in order to reduce cultivation costs and to ensure,
at the same time, production optimization. Furthermore, an
efficient traceability system represents a fundamental tool
for people with special needs, such as patients affected by
multiple intolerances [1], who struggle every day to perform
elementary actions, such as the choice of food, because of the
adverse reactions that particular components could cause if
taken.

The development of an efficient traceability system
requires the introduction in the supply chain of the techno-
logical innovations needed for product identification, process
characterization, information capture, analysis, storage, and
transmission, as well as the overall systems integration.These
technologies include hardware (such as identification tags
and labels) and software (computer programs and infor-
mation systems) solutions. In particular, two of the most
important auto-identification technologies able to optimize
the critical processes in a supply chain are Radio Frequency
IDentification (RFID) [2] and Near Field Communication
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(NFC) [3]. They promise to replace the traditional optical
auto-identification solutions in near future. Among the dif-
ferent types (i.e., passive, semipassive, and active) of RFID
transponders, often called “tags”, the passive ones are used
in most tracing systems, because they are characterized by a
very low cost and small dimensions, since they do not require
battery to operate. Passive RFID tags can also be classified
according to the frequency band used (e.g., LF, HF, UHF, etc.)
and the type of coupling (i.e., magnetic or electromagnetic)
between tag antenna and reader antenna. The UHF tags
could occasionally encounter problems, causing performance
degradation, in the presence of materials, such as liquids
and metals, which absorb Radio Frequency (RF) energy.
However, some recent works [4–7] have demonstrated that
the design of particular UHF tags is able to resolve such
issues, thus demonstrating that they represent the best solu-
tion for item-level tracing systems in the whole supply chain.
NFC is a short-range wireless (HF 13.56MHz) technology
derived from the RFID family. NFC entities can share power
and data over a distance of a few centimeters (less than
5 cm). They inherit the basic features of RFID technology
(i.e., working in reader/writer mode with passive tags) but
they are also characterized by the possibility to share data
across active (powered) devices [8]. The diffusion of these
RF technologies has been significantly increased by the
asserting of international standards such as EPCglobal [9–
12] and Global Standard 1 (GS1). In particular, the EPCglobal
standard provides a promising open architecture for tracking
and tracing objects over the Internet. It defines a full protocol
stack able to guarantee item-level data sharing related to
products that move in the whole supply chain.

The combined use of different RF technologies and
standards in order to improve the supply chain management
has been strongly investigated in literature [13, 14].They were
also successfully applied to the agro-food sector [15, 16].
However, the development of a complete gapless traceability
system, from the land to the table of the end consumer,
is still at the early stages and many issues are still open.
Most works propose solutions too invasive and, therefore, not
accepted by the operators. A typical example concerns the use
of Wireless Sensor Networks (WSN) in greenhouses in order
to achieve a precision agriculture [17–19]. Although the use of
this technology promises many benefits, its adoption is very
limited, since expert agronomists, that argue no sensor node
can ever replace their skills, do not accept its use. Therefore,
a very critical aspect in a reengineering procedure is that
the proposed solution must be thoroughly understood by the
operators, before to be accepted, and applied. Furthermore,
costs related to the introduction of new technologies are
relevant and block their wide adoption. Indeed, although
most of the solutions presented in literature are exclusively
based on the use of RFID tags, the cost of a tag is still too high
to justify its adoption in the packaging of low cost products,
such as fresh-cut products, whose price in Italy is about 1-2
euro per pack. Particular attention must be also paid to the
choice of the type of tag to be used, since such tags must
be used in critical conditions and, in particular, in humid
environments, which absorb RF energy. Another important
issue still open in the design of an effective traceability

system in the fresh vegetables supply chain is related to the
integration of management systems of all involved actors.
Vegetables producers are generally small local farms without
a proper information system, and therefore, actors interact
through traditional channels (i.e., phone, fax).However, since
the manufacturer can be considered the main actor of the
fresh vegetables supply chain, a complete integration of the
production company systems could represent an important
starting point.

This work proposes an EPC-based gapless traceability
system for the fresh vegetables supply chain able to exploit the
combined use of different auto-identification technologies,
such as RFID, NFC, and the less expensive DataMatrix.
Particular attention was focused on the producer, and, there-
fore, on the early stages of the supply chain, which include
farming in greenhouses and manufacturing of packaged
vegetables. The proposed item-level tracking and tracing
system is characterized by a perfect integration among the
adopted hardware and software subsystems in both the
greenhouses and the transformation factory, preserving the
role of agronomists and reducing the costs for the adoption
of new technologies. Specifically, an innovative and low-cost
hybrid system, in which the gapless traceability is ensured
by the combined use of EPCglobal, passive UHF RFID
solution, Android NFC smartphones, NFC tags (i.e., passive
HF tags), and the less expensive DataMatrix technologies,
is proposed. Furthermore, an Enterprise Service Bus (ESB)
[20] is adopted to deploy both traditional and innovative
management services in the greenhouses. A clear separation
between the logical EPC-based traceability architecture, and
the physical infrastructure is a key factor in the proposed
system, as it ensures a smooth, gapless, and flexible product
traceability both in the greenhouse and in the transformation
factory. To validate the proposed reengineered model, a pilot
project was implemented in a big Italian producer company.
Measurements of the main Key Performance Indicators
(KPIs) [13] demonstrated the benefits derived by the use of
implemented traceability system in a real scenario.

The rest of the paper is organized as follows. Section 2
introduces the reference scenario, highlighting main prob-
lems. The proposed reengineered model and its implemen-
tation in a real pilot project are reported in Section 3. Main
details related to the software system architecture are summa-
rized in Section 4. In Section 5, a description of the hardware
adopted in our work is reported. A system validation is
discussed in Section 6. Finally, Section 7 summarizes the
conclusions and sketches future works.

2. Main Requirements and Open Issues in
the Fresh Vegetables Supply Chain

The quick perishability of the IV gamma products, typically
characterized by a shelf life of few days, makes the fresh
vegetables supply chain, shown in Figure 1, a very interesting
scenario.
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Figure 1: The fresh food supply chain.

The three main actors involved in this supply chain are as
follows.

(1) The farm, which produces in farmland and green-
houses the raw materials (e.g., salad, lettuce, rocket,
etc.).

(2) The transformation company, which purchases and
handles large amounts of raw materials in order to
produce packaged vegetables.

(3) The retailer, which, in general, sells finished products
to the end consumer.

In order to study the main open issues of the analyzed
scenario, one of the biggest fresh vegetables producers in
the South of Italy, Jentu S. Agr. r. l. [21], was investigated. It
includes two production centers located in different sites but
is characterized by the same product flows.

In the following, the two phases of vegetables cultivation
and products transformation are separately analyzed in order
to better identify the main points where the use of innovative
technologies, such as RFID, NFC, and EPCglobal, could
improve the production capacity of the company. Let us
observe that the conducted analysis did not involve the
transportation process of the harvested vegetables, from
greenhouses to the transformation factory, because it is
not interesting from a reengineering point of view, since it
does not affect on the products quality. In the considered
company, in fact, greenhouses are located very close to the
transformation factory.

2.1. Vegetables Cultivation. The cultivation phase affects the
whole life cycle of vegetables, and it includes the activities of
seeding, growing, harvesting, and so forth. All these activities
are usually coordinated by an agronomist.

In particular, the Jentu company has several greenhouses,
where a portion of the raw materials used in the transfor-
mation phase is cultivated. The agronomist, during her/his
usual check visit, manually performs the activities of ground
sensing and vegetables evaluation. In this step, she/he stores
on paper notes all qualitative information detected.

The agronomist uses the captured parameters to decide
actions to apply on plants and grounds and she/he annotates
all performed operations (i.e., irrigation, sowing, treatments
with plant protection products) on a paper form. Periodically,
these data are saved into a digital system called “Field Log”.
It is a management software tool that allows the farm to
carefully store very important information about the opera-
tions carried out on plants, the adopted cultivation methods,

and the use of approved cleaning products. Some activities,
such as irrigation and temperature control, are executed in
automated manner through remote terminal units and an
advanced computerized control system.

Pallets, composed of bins, are used to move crops from
the greenhouses to the transformation factory. The partition
of a crop in different bins is needed in order to allow its partial
use during the production steps, depending on retailers’
orders. Before being processed, the crop isweighted, classified
and made identifiable by the attached form.

Let us observe that the activities performed by the
agronomists are highly exposed to human errors and impre-
cision, mainly due to the manual execution of the operations
and the asynchronous storing of the gathered data.

2.2. Products Transformation. The products transformation
phase starts when one or more pallets of raw materials, com-
ing from the greenhouses, are moved into the transformation
cycle. A first check of the incoming products is performed. In
particular, the quality control manager identifies the correct
greenhouse of origin, by reading manually (i.e., without
the use of an electronic device) the lot number placed
on each pallet, and carries out the weighing process. The
obtained data are compared and checked with the informa-
tion reported on the delivery note. Furthermore, before being
accepted, the incoming raw materials must pass a rigorous
quality control process. In this case, the operator stores all
data about the received products in the company Information
System (IS), and prints the “raw materials identification tag”
associated with the accepted pallet. This label contains, in
addition to information about the quality of the accepted
materials, the incoming date and a lot number associatedwith
the particular bin of received products. This correlation is
maintained in the “goods weights registry entry” document.
Moreover, the identification label includes a linear barcode
encoded in Code-128 format.

The accepted pallets are temporarily stocked in a storage
warehouse, where they are arranged according to the arrival
order, so as to be picked upmore easily. Here, the temperature
is always maintained between 0∘C and +4∘C to avoid the
deterioration of the fresh products.Thepallets aremoved into
the transformation process according to the First In First Out
(FIFO) discipline. More in detail, the operators, by reading
the information written on the label associated with each
pallet, choose those with the earliest incoming date. Let us
observe that this process can easily lead to the selection of
wrong pallets, thus increasing the amount of product to be
discarded in the next steps (e.g., husking).

The transformation process is essentially composed of
different activities, such as husking, cutting, sorting, washing,
and drying, which transform the raw materials in finished
ready-to-eat (RTE) products. It starts when the operators pick
up the pallets from the storage warehouse and move them
into the husking area. In this step, the operator has to fill the
“line loading register”, which contains important data for the
product traceability, such as the lot number and the number
of bins involved in the transformation process, the signature
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of the operator carrying out the registration, and the start and
end times of the transformation process. The semifinished
products are stored in a cold roomwhere they remain waiting
to be picked up for the next phase of packaging.

The finished product is packaged and labeled manually
or automatically. The packaging is done in a controlled
atmosphere. The label on each package reports the ingredi-
ents of the product itself, information about the producer
company (name and address), the method of conservation
(in the refrigerator from +2∘C to +8∘C), the expiration date
(calculated summing 7 days to the production date), a linear
bar code encoded by EAN 13, and an alphanumeric string,
which identifies the lot.

Finally, the packaged products are placed in plastic boxes
and arranged on pallets, according to the orders received
from customers. It is important to observe that, in this step,
the labels attached on some packages, chosen in a random
way, are checked. If a not compliant label is identified, the
product is discarded and the entire pallet is checked. The
prepared pallets are thenmoved into the outgoingwarehouse,
where they remain waiting to be shipped to the point of sale.

Unfortunately,most of the activities of the transformation
cycle are performed in manual mode and, therefore, they
can represent critical issues of the considered supply chain,
especially in terms of timeliness (time spent on the activity)
and correctness.

2.3. Requirements for an Efficient Traceability System. The
conducted analysis allowed us to identify the main require-
ments that an efficient gapless traceability system, from the
land to the table of the end consumer, should satisfy as
follows.

(i) Minimize the error probability in the procedure of
data gathering and transcribing into the information
system of the company.

(ii) Allow the company to collect automatically a high
amount of data, which can be used to provide to the
end consumer a complete pedigree of the purchased
products, from the land to the table of the consumer.

(iii) Allow a correct and efficient flow of critical informa-
tion through the whole supply chain, as the product is
cultivated, transformed, transported, stored, and sold.

(iv) Allow the company to improve recall procedures,
reduce contaminations, and minimize risk in the
supply chain.

(v) Optimize the logistic process in terms of human
resources and time.

3. Reengineered Model

The analysis of the open issues in the fresh vegetables supply
chain allowed us to propose an efficient re-engineering of
the main critical processes, exploiting the combined use of
innovative RF technologies and the EPCglobal standard. In
particular, the reengineered model was defined considering
the adoption of passive RFID technologies in UHF band,

such as transponders, readers, and antennas. Furthermore, a
software infrastructure on top of the Fosstrak framework [22]
was developed. In order to better appreciate themain benefits
that the proposedmodel is able to provide, a pilot project was
implemented and validated in the Jentu company.

3.1. Vegetables Cultivation. In the cultivation phase, the use of
NFC tags is proposed to identify both the operators and
the fields where vegetables are cultivated. In particular,
greenhouses and fields are partitioned into small portions,
where only one type of product is cultivated. Each of these
plots of land is uniquely identified by a NFC tag placed on
a wooden pole. In such NFC tag an EPC code, encoded
with the SGLN (Global Location Number) schema, is stored.
The agronomist is provided with a badge containing an NFC
tag, and she/he uses an Android smartphone equipped with
NFC technology to store all information about activities
performed on crops into the Field Log, avoiding the use of
paper notes. More in detail, at the end of a treatment on a
specific plot of land, the agronomist identifies herself/himself
and the treated plot of land, bringing the NFC reader
integrated in her/his smartphone to the tag placed on the
badge and on the pole, respectively, and automatically stores
all data about the performed operations in the mobile Field
Log application. These data are immediately sent to the
information system of the producer company, thanks to a
wireless connection (i.e., 3G). It is noteworthy that the use
of small plots of land allows a considerable reduction of
the amount of resources used, such as fertilizers and water
(i.e., these are used only where needed), while ensuring the
production optimization (i.e., it can be slowed or accelerated
on the base of the requests of the company). Furthermore,
during the harvesting phase, the use of bins and pallets tagged
with passive UHF RFID tags is suggested. In this step, the
agronomist, after identifying herself/himself as previously
described, uses a portable UHF RFID reader, connected via
Bluetooth with the smartphone, to scan the EPC code applied
on each bin of raw materials. Finally, this association is sent
to EPCglobal-based traceability system and stored in the EPC
Information Service (EPCIS) repository.This solution aims at
enabling a complete traceability, which started from field.

3.2. Products Transformation. As previously described, bins
and pallets of raw materials, which are moved into the
transformation cycle, are taggedwith passiveUHFRFID tags.
This type of tag is considered mainly because it is able to
guarantee high performance in presence ofmultiple readings.
Furthermore, thanks to a native feature of the EPCglobal
standard, a traceability system in the whole supply chain can
easily trace information at different layers (i.e., pallet, bin
and product). In particular, EPC Global Returnable Asset
Identifier (GRAI) [23] encoding scheme is used to tag pallets;
EPC Global Individual Asset Identifier (GIAI) [23] encoding
scheme is used to tag bins. According to the reengineered
model, the incoming warehouse of the company is equipped
with a RFID gate composed of one UHF RFID reader and
four Far Field antennas in UHF band. This configuration,
in fact, is able to guarantee high performance in terms of
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successful reading rate of bins. A worker, after performing
the weighing process, moves the pallets through the gate,
enabling the automatic identification and validation of all
incoming bins.The retrieved data are immediately compared
with the information contained in an electronic version of
the delivery note and saved in the information system of the
producer. In such a way, the quality control manager has
only to store data about the weigh and the quality control
check executed on the accepted materials. All information
not necessary for products traceability, but important for
the company, are stored in an Enterprise Resource Planning
(ERP) database. For this purpose, an ad hoc Web service has
been developed. This solution aims at removing efficiency
problems, due to the manual execution of control and
registration operations, currently performed as described in
Section 2.2.

In the reengineered model, pallets and bins of raw
materials stocked in the storage warehouse are tagged with
passive UHF RFID tags and, therefore, an operator, by using
a portable UHF RFID reader, can easily identify the appro-
priate pallets or bins tomove into themanufacturing process.
Two snapshots of the application used by the operator in this
phase are shown in Figure 2. Let us observe that, also in this
case, the combined use of RFID and EPC is able to overcome
the efficiency limits previously described.

An UHF RFID gate, placed at the entrance of the husking
area, detects the bins of raw materials moved into the trans-
formation process and automatically updates the information
system of the producer. Let us observe that the use of RFID
technology allows to substantially mitigate correctness and
timeliness problems, since all the information previously
recorded manually by the workers are now detected by the
gate and managed by the information system. The low cost
of fresh ready-to-eat products does not justify the use of
RFID tags to identify each item; therefore, the adoption of the
DataMatrix technology is proposed to implement an efficient
item-level traceability system. Each finished RTE product
is labeled using a two-dimensional barcode containing the
Serialized Global Trade Number (SGTIN) EPC code in ECC
200 encoding scheme. By this way, a 2D code reader can be
used to trace data on each finished product.

Finished products, before being placed in reclosable
boxes equipped with UHF RFID tags, are read by a Data-
Matrix reader. Furthermore, the use of an UHF RFID reader
enables the association between the packaged products and
the boxes that contain them. By this way the system can
easily trace all products included in a well-defined box.
Subsequently, the boxes are arranged on pallets tagged with
UHF RFID tags and moved to the outgoing warehouse,
equipped with a UHF RFID gate able to automatically detect
this transfer and store the associated information in the
information system of the company. The combined use of
RFID and EPC technologies substantially improves these
activities, removing efficiency problems, due to the manual
execution of the control operations described.

Finally, the use of an item-level tracing system based
on the EPCglobal standard optimizes the main activities
related to the return flow management process. For example,
it enables the automatic identification and tracking of all

Figure 2: Snapshots of the application used by the operator in the
storage warehouse.

products returned from a retailer. Furthermore, by using
a complete traceability system, the producer company can
exactly know which other products were sold to the same
retailer, substantially improving the recall procedure of non-
compliant products.

3.3. Overview of the Pilot Project. In order to better clarify the
reengineered model previously described, a graphical sum-
mary of the pilot project implemented in the Jentu company
is presented in this section. In particular, Figure 3 and
Table 1 summarize the main RF devices introduced in both
greenhouses and transformation factory.

4. Hardware Description

In this section, the main features of the auto-identification
systems selected to realize the pilot project are presented. In
particular, a summary of the main devices provided by the
reengineered model in each area of the considered company
is reported in Table 2, while more details are described in the
following.

As noted in the previous table, in the cultivation phase,
the following devices are used.

(i) NFC tags: identification of farmers and field areas in
the greenhouse is crucial in the gapless traceability
system; we used two different types of NFC tags
for farmers and plots of land. In particular, for the
farmer identification, we used a Mifare Ultralight
NFC card by NXP Semiconductors (Figure 4(a)(1)).
For the plots of land we used a Mifare Classic NFC
tag by NXP Semiconductors (Figure 4(a)(2)).

(ii) Portable NFC/RFID scanner: a smartphone Samsung
i9023 Nexus S (Figure 4(b)(1)) connected to the UHF
RFID reader BlueBerry of TERTIUM Technology
(Figure 4(b)(2)) was used as portable scanner. In
particular, the Samsung Nexus S is an Android
smartphone equipped with NFC technology, while
the BlueBerry reader is a small and easy-to-use device
able to transmit the data to amobile phone or a smart-
phone through the Bluetooth interface. All high-
level operations, such as processing of the readings,
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Table 1: Mapping between RF devices and working areas in the Jentu company.

Greenhouses Incoming warehouse Storage warehouse Production Labeling area
Order

composition
area

NFC tags ✓

UHF RFID tags ✓ ✓ ✓ ✓

NFC Smartphone ✓

Portable RFID reader ✓

UHF RFID gate ✓ ✓

DataMatrix printer ✓ ✓

Portable DataMatrix/RFID reader ✓

Table 2: Devices used in the pilot project.

Vegetables
cultivation Products transformation

Greenhouses Incoming
warehouse

Storage
warehouse Production Labeling

area

Order
composition
area

NFC Tags

(i) NXP
Semiconductors
Mifare Ultralight
NFC card
(ii) NXP
Semiconductors
Mifare Classic
NFC tag

UHF RFID Tags LABID INSKYL3
wet inlay

LABID
INSKYL3
wet inlay

LABID
INSKYL3
wet inlay

LABID
INSKYL3
wet inlay

LABID
INSKYL3
wet inlay

Portable
DataMatrix/RFID
Reader

SAMSUNG i9023
Nexus S
smartphone +
TERTIUM
Technology
BlueBerry UHF

METEOR
BIP-6000
Industrial
PDA

METEOR
BIP-6000
Industrial
PDA

RFID UHF Gate

IMPINJ
Speedway
Revolution
R420 + 4
KATHREIN
wide range
antennas

IMPINJ
Speedway
Revolution
R420 + 4
KATHREIN
wide range
antennas

IMPINJ
Speedway
Revolution
R420 + 4
KATHREIN
wide range
antennas

DataMatrix/RFID
Printer

Zebra
RZ400
RFID
Desktop
Printer

Incoming
warehouse

Storage
warehouse

Production Labeling area Orders
composition

area

Outgoing
warehouse

Greenhouses

Transformation factory

Figure 3: Main RF devices introduced by the reengineered model.
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Figure 4: Main devices used in the pilot Project: (a) NFC tags: (1) Mifare Ultralight and (2) Mifare Classic; (b) portable NFC/RFID scanner
composed of a (1) Samsung i9023 Nexus S and a (2) BlueBerry reader; (c) INSKYL3 passive UHF RFID tag; (d) RFID UHF gate composed of
(1) Impinj Speedway Revolution R420 reader and (2) Wide Range UHF Kathrein antenna; (e) BIP-6000 of Meteor scanner; (f) Zebra RZ400
printer.

forwarding them via text message, e-mail, or GPRS,
are delegated to the device the BlueBerry reader is
interfaced with. Ultimately, it represents an easy way
to integrate the RFID communication system to any
device equipped with a Bluetooth interface (PDA,
Netbook, Notebook, PC, etc.).

(iii) Passive UHF RFID tags: in order to choose the most
suitable passive UHF tags to be used for our business
scenario, a preliminary technological scouting has
been performed. It is important to observe that the
choice of the type of RFID tag is affected by different
requirements as size of the tag itself, compatibility
with EPCglobal standard, high scanning speed, high
performance in presence of liquids and metals, low
cost, and high stress of tag label during product life
cycle. Therefore, after preliminary tests carried out in
laboratory, we chose the passive UHF RFID tag wet
inlay INSKYL3 of LABID (Figure 4(c)), whose size is
54mm × 18mm, equipped with the Impinj Monza 4
chip.

Multiple and heterogeneous devices have been chosen
for the implementation of the reengineered manufacturing
phase. More in detail, as shown in Table 2, the devices used
in the pilot project are as follows.

(i) RFID UHF Gate: An RFID UHF gate, composed
of a reader Impinj Speedway Revolution R420
(Figure 4(d)(1)) connected to 4 antennasWide Range
UHF Kathrein (Figure 4(d)(2)) though coaxial cables
LMR-195 with weight attenuation in the range 25–
35 dB per 100m, was used in the pilot. The reader
supports EPCglobal UHF Gen 2 and ISO 18000-
6C protocols. It is characterized by a maximum
receive sensitivity and maximum return loss equal
to −82 dBm and 10 dB, respectively. The Wide Range
antennas provide frequency range of 865–870MHz
and they are characterized by a circular polarization.

(ii) Portable DataMatrix/RFID scanner: in this case, the
choice has been the handheld BIP-6000 of Meteor
(Figure 4(e)). It is an industrial PDA designed to
withstand the harshest working environments, cer-
tificate IP65 and equipped with 2D barcode reader
and RFID reader. It also has integrated GPS, GSM,
HSDPA, andWLAN, and a 3.0megapixel camerawith
flash. In particular, this reader is equipped with the
Android OS, which enables a simple integration with
the connected system.

(iii) DataMatrix/RFID printer: the printer Zebra RZ400
(Figure 4(f)) was selected to print 2D code and write
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information in the RFID tag. It is equipped with a
USB 2.0 interface and supports currently available
protocols, including EPC Gen 2/ISO 18000-6C.

5. Overall System Architecture

The need to preserve and adapt the functionalities offered
by the existing traceability and management systems leads
us to give special attention to the technologies integration
procedure in the Jentu company. The main services of
the greenhouse management, such as the Field Log, must
continue to be provided, beside the newer ones. Moreover,
the Field Log application must become part of the new
traceability system; that is, the data logged through it must
be shared or reused in an EPCIS style. Furthermore, the
innovative hardware and software systems, introduced in the
transformation factory, must work on top of the existing
architecture.

In order to satisfy the systems integration requirements,
a software architecture based on the Enterprise Service Bus
(ESB) [17] was defined. An ESB is an architecture model used
for designing and implementing the interaction and commu-
nication among mutually interacting software applications
in Service Oriented Architecture (SOA). It promotes agility
and flexibilitywith regards to communication and interaction
among applications.

In the next sections, more details about the different
subsystems composing the whole architecture are given.

5.1. Greenhouse Management System. The combined use
of Android smartphone, NFC, and RFID technologies is
fundamental for the integration between the data producer
(the agronomist working in the greenhouse) and the data
consumer (the traceability system). Moreover, the use of
smartphone enables an easily integration of the traceability
system with any external device equipped with a Bluetooth
interface (e.g., handheldUHFRFID communication system).
The latter aspect is strongly important, as it allowed us to
integrate the UHF RFID technology in a device that is not
natively provided of it.

An agronomist Android app has been designed and
prototyped; it can be seen as a write-only interface towards
the traceability system. The agronomist uses the app for
tracing the followingmain activities typical of a crop lifecycle:

(1) LAND activity: instantiate a new cultivation in a
specific area of the greenhouse;

(2) FIELD LOG activity: record a new crop observation
event or intervention;

(3) HARVESTING activity: mark the cultivation as
cropped when it reaches the maturation date.

Each activity involves the recording of the gathered
information both in the EPCIS and in the Field Log system,
so that the new and the legacy systems are bridged.

The UML sequence diagram, shown in Figure 5, is used
to model the full interaction between the agronomist and the
traceability system architecture for the FIELD LOG activity.

The agronomist identifies herself/himself and the plot
of land in the greenhouse; after filling the requested fields,
she/he clicks the “Save” button and a request is built and
forwarded to the ESB. Notice that a single click is needed to
register the event both in the Field Log application and in
the EPCIS, exploiting the high configurability of the ESB.The
event is stored in the EPCIS as anObjectEventwith the EPCIS
property “ACTION” set to “OBSERVE”.

In Figure 6, a screenshot of the agronomist mobile appli-
cation for the FIELD LOG activity is shown.

The agronomist fills the following fields.

(i) Agronomist. It is the full name of farmer that is
encoded by the unique 7 hex digits ID stored in the
farmer’s Mifare NFC badge. Every NFC tag contains
a read-only factory-assignedworldwide-unique serial
number that can be used as a key into a database.
The agronomist is needed because every detection is
mappedwith the responsible farmer in the EPCIS; the
farmer app automatically fills this field when a farmer
NFC card is in range.

(ii) Greenhouse. When the farmer wants to operate on
a portion of land, she/he identifies it through the
assigned NFC tag; so the field in the application is
auto-filled.

(iii) Date and Start/End Time. The farmer stores the
treatment duration by filling the fields representing
the beginning and the end of the treatment.

(iv) Agricultural Phase. Each agricultural phase identifies
one of the possible statuses of the considered portion
of land. The farmer selects from a list the current
status of the land (i.e., sowing, growing, etc.).

(v) Treatment. It represents the particular operation per-
formed by the farmer on the considered portion of
land. This value is selected from a preloaded list.

(vi) Commercial Product. In this field the farmer inserts
the commercial product that she/he uses to facilitate
and improve the achievement of specific effects on the
ground and/or the plants.

(vii) Machine.The farmer selects from a list the equipment
she/he uses during the treatment.

Let us observe that, in order to ensure a gapless traceabil-
ity, only information about the date and the time related to the
execution of a treatment must be stored. It is automatically
saved in the EPCIS repository when the ObjectEvent is
generated. However, the Field Log system requires also the
storage of the duration of each performed treatment. Tomeet
this requirement, in an efficient but simple way, the “Date and
Start/End Time” fields have been introduced in the mobile
application.

5.2. Hybrid Tracing System. The proposed tracing system
is an innovative and low-cost hybrid system, in which the
gapless traceability is ensured by using an EPC-style tracing
and tracking system in the greenhouses, performed by the
agronomist using Android NFC smartphones and NFC tags,
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Device ESB Field log EPCIS

Agronomist

NFC badge
Get Farmer()

Soil portion NFC tag
Get soil portion()

treatment, machine,
commercial product,
action = OBSERVE

agricultural phase,
treatment, machine,

commercial product,
action = OBSERVE agricultural phase,

treatment, machine,
commercial product,
action = OBSERVE

Agricultural phase,

Farmer, soil portion,

Farmer, soil portion,

Figure 5: Sequence of interactions between the agronomist and the traceability system when a new observation or treatment is performed
in the greenhouse.

Figure 6: The agronomist’s Android app interface.
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and a classic EPCglobal architecture in the transformation
factory, implemented using both UHF RFID and the less
expensive DataMatrix technologies.

A clear separation between the logical EPC-based trace-
ability architecture, and the physical infrastructure, based
on UHF RFID, NFC, and DataMatrix technologies, is a key
factor in the proposed system, as it ensures a smooth, gapless
and flexible product traceability both in the greenhouse and
in the transformation factory.

We used the Fosstrak platform [22] as open-source
EPCglobal implementation. It is Java-based and provides
supporting components for the development and integration
of tracking and tracing applications. The Fosstrak EPCIS
component runs on Apache Tomcat servlet container and
exposes two SOAP services: the Capture interface, for storing
EPC events into the EPCIS repository, and Query interface,
for extracting EPC event data.

The Fosstrak ALE Middleware implements EPCglobal’s
ALE 1.1 specification [24]. To communicate with readers,
the Fosstrak ALE Middleware uses the Low Level Reader
Protocol (LLRP). For readers that do not support LLRP, the
ALE Middleware uses the Fosstrak Hardware Abstraction
Layer (HAL).TheHALAdaptor is a Java class interface, which
we implemented in three classes:

(i) the LLRPAdaptor class, already implemented in the
Fosstrak framework, in order to get readings from the
EPC UHF RFID readers;

(ii) the NFCAdaptor class, which is synchronously called
by a Java servlet listening on a specific URL for POST
requests incoming from NFC smartphones;

(iii) theDataMatrixAdaptor class, implementing the com-
munication with a DataMatrix IP Camera connected
to the company’s network.

In Figure 7, a high level UML class diagram showing how
the different technologies are cabled inside the Fosstrak ALE
Middleware is reported.

The LogicalReader class is a logical representation of
different physical sensors, for each of these an Adaptor was
implemented. Being the NFC reading performed manually
(volunteered) by the agronomist, the only way to model the
interaction with the LogicalReader class is to expose a Java
Servlet running in Fosstrak. When the servlet is called, the
EPCBuffer is filled with EPCs; so the NFCHTTPController
can asynchronously get the EPC list from the buffer.

In the next section, a deep look on how to publish the
servlet URL onto the Enterprise Service Bus will be given.

5.3. Information Systems Integration. Many ESB vendors, also
open source, exist. In this work, the WSO2 (Oxygenating the
Web Service platform) [25] vendor was used, since it was
identified as one of the most robust solution by Gartner and
Forrester [26]. The WSO2 ESB engine is Apache Synapse
[27], which plays a role of broker in the software architec-
ture and supports many open standards (e.g., XML, XSLT,
XPath, SOAP, JMS, WS-Security, WS-ReliableMessaging,
WS-Addressing, SMTP).

In Figure 8, the overall system architecture is shown.

The architecture is split into four macro-areas.

(i) Delivery Channel Architecture. It includes all the
services’ interfaces, both legacy and innovative. The
information generated and requested by the clients
flow within a unique logical link toward the informa-
tion system and it is conveyed by using a mapping
configured in the WSO2 ESB.

(ii) Shared Service Infrastructure. It is the coreWSO2 ESB
implementation, as it allows delivering the services
requested by the applications by totally hiding the ser-
vice implementation details.The different subsystems
comprised in this layer was properly configured to
map the requests incoming from the delivery channel
architecture layer; we configured different protocols
at different ISO/OSI levels, for example, REST for
mobile application, SOAP for the traceability inter-
faces, TCP/IP sockets for UHF RFID readers, and
connections with the DBMS instantiated by legacy
applications.

(iii) Service Enabled Applications. This layer includes the
SOA-ready services. Communication flow is depicted
as bidirectional also for delivering service composi-
tion and for talking with nonservice-enabled assets.
The EPCIS resides here. A Field Log adaptor has been
introduced, in order to let the agronomist mobile app
also save data into the field log as well as into the
EPCIS (service composition).

(iv) Nonservice-Enabled Assets. Non-SOA-ready services
such as legacy systems and ISO/OSI transport layer
services (e.g., socket based) find place in this layer.
Existing bundled systems (i.e., Irrigation Control
System, Enterprise Resource Planning, Outsourcing
Inventory Management) fall into the Packaged soft-
ware category. Fosstrak’s Application Level Event
(ALE) middleware is deployed on an Apache Tomcat
servlet container. It establishes LLRP protocol links
with the UHF RFID reader placed in the Delivery
Channel Architecture, and a classical TCP/IP socket
with the Capturing Application, which push event
to the Fosstrak EPCIS subsystem. Database Manage-
ment Systems are also included in this layer.

In the WSO2 proxy configuration file, Fosstrak’s EPCIS
repository query endpoint and the web services needed
by the agronomist Android app are mapped by specific
proxy services. A proxy services define virtual services
hosted on the ESB that can accept requests, mediate them,
and deliver them to an actual service. Proxy services
could perform transport or interface switching and expose
different semantics than the actual service, that is, WSDL,
policies, and QoS aspects like WS-RM, WS-Security, and
so forth. Through the use of endpoints, it is possible
to define a specific destination for a message. Once the
endpoints are defined, it is possible to call the configured
Web services by invoking a URL following this schema:
http://<esb ip>:<esb port>/services/<proxy name>/
<service> where:
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Figure 7: The integration of different physical sensing technologies in Fosstrak.
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(i) the <esb ip> is the IP address of the server on which
WSO2 runs; notice that this IP address is unique for
each service;

(ii) the <esb port> is the TCP port on which WSO2 is
listening;

(iii) the <proxy name> is the name of the proxy service
configure into the ESB configuration file;

(iv) the <service> identifies a precise service retrievable
from the specified proxy.

Using proxy services, the implementation of existing
and innovative Web services onto the company architecture
is almost immediate and requires few lines of codes. We
deployed both SOAP and REST Web services. In particular,
we deployed some REST Web services involved in the
communication between the Android app of the agronomist
and the tracing system. For instance, two Web services
CultivationPhases and Formulation are used by the Android
app to populate the static field views in the app interface by
retrieving these from a well-defined vocabulary of terms. A
FieldLog service is used to save the gathered information to
the legacy Field Log application.

6. System Validation

The system validation phase was carried out by using both a
Living Laboratory approach and a pilot project. In particular,
the first method allowed us to obtain initial experimental
results, in a controlled test environment, demonstrating
that an accurate choice of passive UHF RFID solutions is
fundamental to guarantee high performance of the proposed
tracing system in each step of the supply chain. On the other
hand, the development of the pilot project enabled us to
validate the complete traceability system (i.e., hardware and
software), and to appreciate the potential benefits derived by
the use of RF technologies and EPCglobal standard in a real
scenario. In particular, measurements of the main Key Per-
formance Indicators (KPIs) demonstrated how the proposed
reengineered process is able to mitigate the timeliness and
correctness problems previously described.

Therefore, different preliminary tests, carried out in our
laboratory environment, allowed us to identify the most
suitable RFID tag to be used in the considered scenario.
The experimental campaigns were designed to measure the
successful reading rate of different tags during two of the
most critical steps of the supply chain: (i) the movement of
a pallet composed of tagged bins of rawmaterials, and (ii) the
identification of tagged bins during the harvesting procedure,
through the use of a portable RFID reader connected, via
Bluetooth, to an Android smartphone.

Seven different types of commercial passive UHF RFID
tags, equipped with an Impinj chip, were used.

(i) DOGBONE, whose size is 86mm × 24mm, equipped
with the Impinj Monza 4 chip;

(ii) WEB, whose size is 30mm × 49mm, equipped with
the Impinj Monza 4 chip;

(iii) UH423, whose size is 30mm × 50mm, equipped with
the Impinj Monza 5 chip;

(iv) UH3D40, whose size is 40mm × 40mm, equipped
with the Impinj Monza 4 chip;

(v) INSKYL3, whose size is 54mm × 18mm, equipped
with the Impinj Monza 4 chip;

(vi) SKL4020, whose size is 40mm × 20mm, equipped
with the Impinj Monza 5 chip;

(vii) XC-TF8024-C06, whose size is 50mm × 30mm,
equipped with the Impinj MonzaTM 4 QT chip.

More in detail, in the first experimental campaign
(Figure 9), a pallet with 28 plastic boxes containing finished
products, organized on seven layers and tagged on their short
side, able to cross the UHF RFID gate, was used. In order to
simulate realistic conditions, several pallet compositionswere
analyzed.

(i) Configuration I: the pallet was prepared placing the
boxes with their tag antenna oriented toward the
outside and avoiding the overlapping of tag antennas.

(ii) Configuration II: the pallet was prepared placing
the boxes with their tag antenna oriented toward
the center of pallet itself and trying to obtain the
overlapping of tag antennas.

(iii) Configuration III: the pallet was prepared placing the
50% of the boxes with their tag antenna oriented
toward the outside and the remaining boxes oriented
toward the center of pallet.

Each of the previous configurations were evaluated
according to two different movement modes of the pallet as
follows.

(i) Translation: it simulates the crossing of the pallet
through the gate in direct direction; in such a case the
tags on the boxes are parallel to the antennas of the
gate during the movement.

(ii) Rotation: it simulates a rotation of the pallet when it
crosses the gate; in such a case the tags on the boxes
are perpendicular to the antennas of the gate formuch
of the time.

With regard to the first experimental campaign, 100% of
successful reading rate has been measured in all tests con-
firming that the physical, chemical, and biological properties
of the vegetable products do not affect the performance of the
RFID tags.

The second test campaign aims to evaluate the tags per-
formance when the portable RFID reader is used considering
different reading distances (e.g., 5, 10, 15, 20, 25, up to 90 cm)
and different reading angles (e.g., −30∘, 0∘, +30∘) between
reader and tag antenna. In this test, a single boxwas used, and,
for each tag, from 20 to 60 reading attempts were performed.
This test demonstrated that all preselected UHF tags show
optimal (i.e., 100% of successful reading) performance for
distances in the range from 5 cm to 25 cm. Furthermore,
the INSKYL3 tag obtained the 100% of reading rate also for
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Boxes of final products
tagged with UHF RFID tags

Figure 9: Pallet configuration during the first experimental cam-
paign.

longer reading distances, up to 80 cm. The performed tests
demonstrated that tags performances are not substantially
affected by the reading angles (angles in the range from +30∘
to −30∘ did not show substantial changes).

This preliminary analysis led us to identify the INSKYL3
RFID tag as the tag to be used in the pilot test.

As previously declared, the pilot project allowed us to
validate the proposed reengineered model. To demonstrate
the proper operation of the proposed system, a screenshot of
the traceability interface, evidencing the history (ePedigree)
of the product from the sowing up its entry in the plant as
raw material, is shown in Figure 10. In the “GRAI general
information” table, all read events related to pallet used to
carry the raw materials from greenhouse to company are
reported.The box “EPCs children list” shows the aggregation
among pallet and rawmaterial bins.The supplier information
is shown in the box called “Detailed information”. Finally,
in the “Field log” table, all treatments performed on the soil
portion by operators are listed.

Furthermore, a KPI comparison between the current
model and the reengineered model was performed consid-
ering the two main analyzed phases separately: (i) vegetables
cultivation and (ii) products transformation. This analysis is
summarized in Table 3.

Considering the first phase, the reengineered model
substantially reduces the timeliness metric of “average time
to write a report”, which passes from a value of 90 sec-
onds, in the current model, to a value of 25 seconds, thus
ensuring a reduction of about 70 percent. Similar results can
be appreciated for metrics related to the correctness, such
as “percentage of reports with errors,” “percentage of lost
reports,” and “percentage of error in the data entry activity,”
whose values, which are equal to 17, 10, and 15 in the current
model, are reduced to zero in the reengineered model.

The combined use of RF technologies has highlighted
similar benefits also in the transformation phase. As example,
the timeliness KPIs regarding the processes of incoming
and storage of raw materials are substantially improved. In
particular, the “average time to receive a pallet” is reduced
from a value of 195 seconds, in the current model, to a
value of 55 seconds, in the reengineered model; the “average
time to store information about raw materials and print the
identification tag” is reduced from a value of 90 seconds to a

value of 0 second; the “average time to identify an accepted
pallet” passes from 120 seconds to 15 seconds. Similarly, the
“percentage of error in the data entry procedure” and the
“percentage of wrong pallets moved into the transformation
process,” which are equal to 15 and 30 in the current model,
are reduced to zero in the reengineered model.

7. Discussion and Conclusions

In this paper, a gapless traceability system, based on the
use of innovative RF technologies and EPCglobal standard
both in the company’s greenhouses and in the transformation
factory, was proposed. According to the reengineered model,
the agronomist uses an NFC Android smartphone to map
the performed interventions and the sensed variables to a
specific plot of land. This technique leads to overcome the
paper-based classification of crops in the greenhouses, and
to improve the efficiency of the subsequent phases of the
transformation process. In such a way, each phase of the
cultivation and transformation processes is traced and it
becomes available for the traceability service. The use of
DataMatrix instead of RFID tags to tag the final products
ensures low costs and easy access to the traceability service for
the end consumer. Furthermore, an ESB-based architecture
has been introduced in order to integrate the company’s
legacy systemswith the innovative technologies. It guarantees
low impact in relation with the processes currently held both
in the cultivation and transformation processes, and, at the
same time, great flexibility and scalability towards future
extensions.

In order to evaluate the benefits of the proposed reengi-
neered model, a pilot project was implemented in an impor-
tant company of the South of Italy. The conducted analysis
allowed us to demonstrate the potential benefits introduced
by the combined use of the innovative RF technologies in the
fresh vegetables supply chain.

Nevertheless, business benefits are not the only ones
obtainable by using the innovative traceability system pre-
sented in this work. It enables also important advantages for
the consumers, as it copes with the consumers’ concerns over
the safety and the quality of the purchased food. This is an
important aspect for (at least) two reasons: (i) the spread
of a “public consciousness” among people about the need
for a more valuable diet is leading the consumers to prefer
products whose origins can be clearly stated and certified; (ii)
people suffering of food intolerances need to avoid adverse
reactions derived by the assumption of some kinds of food
[1]. Such people must fight every day also in performing
regular human activities, as having meals; in this case, the
drastic solution of removing a particular food (e.g., tomatoes)
from a patient’s diet is not the right choice, as the same
product would not lead to any adverse reactions if cropped
in different soils (e.g., far from industrial plants) or with
different treatments (e.g., excluding chemical products). Also
the opposite is true: a product definitely stated as safe for the
patient’s health status may not be secure if the same vegetable
is produced by a different company with different treatments
in a different geographical area.
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Figure 10: The ePedigree for a specific product.

Table 3: Main KPI used to compare current and re-engineered models.

Phase KPI Current model Reengineered model

(i) Cultivation

Average time to write a report 90 sec per report 25 sec
Percentage of reports with errors 17% 0%
Percentage of lost reports 10% 0%
Percentage of error in the data entry activity 15% 0%

(ii) Transformation

Average time to receive a pallet 195 sec 55 sec
Average time to store information about raw
materials and print the identification tag 90 sec 0 sec

Percentage of error in the data entry
procedure 15% 0%

Average time to identify an accepted pallet 120 sec 15 sec
Percentage of wrong pallets moved into the
transformation process 30% 0%

However, several problemshave been encountered during
the design and development of the presented traceability
solution. First of all, the implementation of the ESB has high-
lighted some difficultiesmainly relatedwith the integration of
packaged legacy systems like the Field Log.The application in
use in Jentu did not provide any sort of software interfaces like
Web services; that is, it was not SOA-ready. Anyway the ESB
engineWSO2was flexible enough to forward and inward data
directly dealing with the application’s database. Obviously
this led us to carefully check the integrity of the information
in the Field Log application. Secondly, the need of making
the Android app suitable for agronomists contrasted with the
high complexity of the EPCglobal industrial standard. For
example, RFID readers usually transmit strict event data like

the EPC code and few other technical parameters. Business
data like the information on the crops and the performed
operations shall be added later in the capturing application,
running on a separate PC. We eased this step by leveraging
the concept of the EPC ECreport custom fields, by which
the Android app can generate rich events including custom
business information as well as the EPC IDs, sending them
to the traceability server in a single tap onto the smartphone
screen.

Finally, let us observe that the improvement of the
proposed traceability system, considering, as an example,
the tagging of machines and boxes of products used during
the treatments in the greenhouses to further automate the
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introduction of their associated data in the system, will
characterize future works.
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The application of RFID in traceability of products in beverage factories is analyzed in terms of the electromagnetic conditions
defined by the massive presence of metallic elements and liquids. Various experiments are reported to determine the maximum
reading range from RFID tags installed on tanks or to read RFID information around bottles, both empty and full of wine, trying to
put in context the possible problems that could appearwhen installing anRFID-based traceability systemwithin awinery, a brewery,
or any other beverage factory.

1. Introduction

During last years, the development of radio frequency identi-
fication (RFID) technologies has been fast and their applica-
tions grow in parallel to the reduction of costs [1]. A lot of
companies and even some European projects proposed the
use of RFID technology to build full traceability systems, sub-
stituting barcodes in some applications but extending the
functionalities to the complete production chain [2–4]. The
development of international standards, such as EPC global
[5], has given an additional impulse to further spread this
technology. Reading some reports, it would seem that the
RFID is the solution for all traceability problems. The reason
to propose the use of this technology for traceability purposes
is that it allows the unequivocal identification of each agent
along a production chain (machines, containers, products,
and even operators) and a fast and accurate registration of all
of themwhen being involved at each step of the process.Thus,
the reconstruction of a product history becomes no more
than a query at the database storing all the data previously col-
lected in the factory.

The wide diversity of tags available in the market allows
the use of RFID in a large range of applications. Tags could
even be printed directly to the final product by means of
inkjet-printing technology [6]. Passive RFID tags are the

most used tracing systems due to their lower cost, especially
at item level. Several frequencies are also available.The choice
of the frequencywill depend on the requirements of the appli-
cations (required reading range, environmental conditions,
multitag reading, etc.).

The development of an RFID-based traceability system in
a beverage factory (wine, liquors, sodas, etc.) presents some
technical challenges due to the special considered environ-
ments: largemetallic tanks, liquids, glass bottles, and so forth,
all of them electromagnetic unfriendly elements. But the
developments of such system could lead to improved benefits
associated with reduction of time expenses, reduction of
errors, and accuracy of the information. The objective of this
paper is not only to present an implementation of an RFID-
based traceability and its advantages but also to isolate and
evaluate the possible limitations due to the presence of liquid
and metallic elements.

The paper is organized as follows. After this introduction,
a brief description of related works occupies Section 2.
Section 3 is centered on the guidelines of a complete trace-
ability system based on RFID technology.Then, the detection
and analysis of limitations for RFID operation due to the
environment characteristics are the focus of Section 4, which
is followed by the Conclusions section.
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2. Related Works

Previous examples of the implementation of RFID tracing
systems in food supply chains can be found in the literature,
even in scenarios with adverse propagation conditions [7–9].

When certain reading distance or multiple readings
are required, UHF technology is commonly used. Previous
studies have been performed to evaluate the theoretical
limitations in the performance of UHF RFID tags [10], not
only for tags working in far filed conditions but also for
the ones designed to operate in near field [11], as they are
less affected by the presence of liquids and metals. However
comparative test shows that UHF far field tags can provide
good performance also in critical environments. That is one
of the reasons to use FF UHF tags in our research and also
to allow the developed system to be in compliance with the
EPCglobal standard.The benefits of the combined use of both
RFID technology and EPCIS standards in supply chains have
been also analyzed [12].

Some authors propose specific tag designs to highly
overcome the limitations of UHF RFID tags in critical
environments [13, 14] although our studywas performedwith
commercial available RFID tags as it aims to test if their use
is feasible in the nonelectromagnetic friendly environment of
a winery, in order to minimize the costs of initial investment.

3. RFID-Based Traceability System

There are several reasons for a factory manager to implement
a traceability system, both voluntary and compulsory. The
mandatory reasons came from the legislation that controls
quality or origin guarantee of the products. The voluntary
ones arise from the conviction of a better organized and
improved work along the production chain. Both reasons
could be applied to many beverage factories: several wineries
or whisky companies are involved in denominations of origin
that force the adoption of traceability systems. Others are not
forced to do that, but they produce added value liquors and
need to guarantee consumers their quality.

Anyway, all the involved factories have something in
common: the quality of the processes applied to the liquids
(wines, liquors, and sodas) has to be certified, and all the
related data are stored, to assure complete product traceabil-
ity. The handled data include information regarding liquid
analysis, treatments applied, equipment used in processing,
and so forth. Previous to the RFID-based system implemen-
tation, the usual procedure was to store the data in register
books and then manually copy the most important in digital
registers (i.e., spreadsheets). The RFID-based approach aims
to automatically collect all these information in digital sup-
ports and to develop applications to easily recover the data
related to a specific product.

The processing stage is, by far, the most important one
in beverage factories supply chain. It is the largest and most
complex one, and the different processes performed in it
will define the different characteristics and qualities of the
products. That is, the processing phase of wine starts when
the grapes collected arrive to the winery and it ends when the

wine is bottled and stored, through a succession of actions:
grapes classification, pressing, decantation, fermentation,
blending, product treatments, conservation, and so forth. All
the locations where the grapes and wine pass trough have
to be identified in order to assure the traceability of wine.
In each step of the processing phase, a lot of meaningful
information is generated and has to be collected and stored in
a database, especially those regarding chemical analysis and
treatments performed. And something like this occurs at
factories producing other beverages.

The RFID system designed in the presented research for
a beverage companywill allow easy data collection and digital
storage of them, partly removing the current system of paper
based registers and manual loading of data in spread-
sheets. Along the whole processing stage Events will be
generated and stored, so that the state of the product can be
precisely controlled at each moment, and all the information
related to the processes is easily accessible. Some assets are
reused in different phases, so that a precise and unequivocal
identification of them is required to ensure traceability. RFID
tags will be attached to the different equipment used.

Two issues are solved with the RFID-based system: the
automation of traceability data collection and their storage
in digital supports and the quick access to traceability infor-
mation at any point of the supply chain.

3.1. Automation of Traceability Data Collection andTheir Stor-
age in Digital Supports. At wine or liquor processing stage
the amount of data handled is very large, and a precise control
on them is needed, to assure a good quality and its trace-
ability. As stated above, the registration of traceability data
is typically done manually and then transferred to computer
format using spreadsheets.

The first step, when developing a traceability system, is to
perform a study of the business processes in the factory to
identify the different steps in its supply chain and the infor-
mation flow between them. Once the mandatory/optional
information to be collected was defined, the points in the
chain to do the capture are set.

The business processes are defined in terms of Events
according to the EPCglobal standard [15]. We have used the
Fosstrak EPCIS repository to store the Events, and we have
run its access interfaces in a GlassFish application server [16].
The assets and locations involved and their relation to inter-
mediate and final products are also identified. After collect-
ing all the necessary requirements, the system design cen-
tered (HW and SW definitions) around two main points
(Figure 1).

(i) Data Capturing. As all the locations and assets
involved in raw and final products processing have to
be identified in order to perform product traceability,
they have been assigned an EPC code by tagging them
with RFID labels. Some assets are reused in different
phases, so that a precise and unequivocal identifica-
tion of them is required to ensure traceability.
Then, a capture application for an RFID reader must
be programmed to read those RFID tags and to intro-
duce any other relevant data related to the production
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2. Download of the captured
data in a PC

3. Data storage in
EPCIS database

1. Capture of data with the
handheld reader

Figure 1: Schema of the data capturing process.

at each step of the supply chain. For each action per-
formed one or several XMLs containing the generated
EPCIS Events are built with all the collected informa-
tion and stored in the handheld memory.

(ii) Database Data Storage. A PC desktop application is
programmed to manage the communications with
the EPCIS repository for information storage and
recovery functions. The XMLs generated during data
collection have to be copied from the handheld
reader’s memory to a PC. Then, by using one of the
desktop application features, the data in the XMLs are
sent to the EPCIS capture interface and stored in the
repository. In this way we have all the pertinent data
available in digital support (an MySQL database in a
computer) available for consultation.

The RFID system designed will allow easy and fast data
collection directly in digital support, removing paper based
registers. At the same time the number of errors (and their
associated costs) is reduced, and a better use of employees’
time is achieved.

3.2. Quick Access to Traceability Information at Any Point of
the Supply Chain. Currently, a high amount of spreadsheets
should be checked for recovering traceability data, for exam-
ple, in case they have been required by the competent
authority or if there has been a recall.

The solution must be a desktop traceability application
to track the wine at the winery. On the one hand it allows
obtaining the complete traceability information of a bottle,
through its batch number. On the other hand there is the
possibility of querying for liquid information at any point of
the supply chain, by using the tank number.Thus, the system
makes the information sharing easier and also improves the
visibility throughout the supply chain.

In addition, the RFID system allows linking unequivo-
cally the liquid productwith the data related to its production:
performed processes, locations, environmental and chemical
parameters, and so forth giving the producer a better control
of product quality. So quality control and traceability are per-
formed at the same time.

X

Y

X

Y

X

Y

Figure 2: Coordinate system to establish a reference for the tag
orientation.

Figure 3: Setup for themeasurements of received signal and reading
arc around bottles.

4. Identification and Analysis of RFID
Limitations within a Beverage Factory

The first step to identify the possible limitations when oper-
ating an RFID-based traceability system within a beverage
factory is the reflection on the materials that (i) make
especially the propagation of radio waves difficult and (ii) are
also present in such factories.

It is well known that conductive materials generate isola-
tion with respect to their shadowed areas and also induce
strongly reflections of radio waves that beat the metallic
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Figure 4: Percentage of received power, using tag 1, around bottle 2.
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Figure 5: Percentage of received power, using tag 2, around bottle 2.

surface [17]. Radio wave propagation in factory buildings
presents large multipath phenomena, directly related to
building age, inventory, wall locations, and ceiling height [18].
Beverage factories are full of large metallic tanks, so it is
expected to find a complicated electromagnetic ambience:
importantmultipath phenomena and vast areas with no radio
coverage. This absence of radio coverage could be solved by
applying imaginative techniques as taking advantage of
HVAC ducts [19].

Liquids are other unfriendly materials for electromag-
netic activities, as propagation conditions could change or
even disappear within such materials. Obviously, there are
lots of liquids in beverage factories, and the air and surfaces
humidities are also elevated. Besides that, most of the liquid
products of such factories are commercialized in glass bottles,
which depending on their conductivities could be compli-
cated materials: scattering or attenuation phenomena could
be induced around each individual bottle [20]. So, a set of
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Figure 6: Percentage of received power, using tag 5, around bottle 2.
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Figure 7: Comparison of the percentage of received power, using tag 1, around three bottles.

bottles would be a very difficult environment to be electro-
magnetically modeled.

4.1. Metallic Tanks. Several tests were performed to measure
the maximum reading range of a tag attached to a wine tank.
The tag usedwas theConfidexHalo [21], and its reading range

attached to the tank wasmeasured by using the ATIDAT-570
handheld reader [22]. Although the antenna design for RFID
tags is rapidly expanded [23] and there are special tag designs
that would improve the radio performance isolating the tag
from the surface where it is glued [24], this work is focused on
commercial inexpensive tags, as they are the most accessible
ones for RFID integrators.



6 International Journal of Antennas and Propagation

Table 1:Maximum reading distance of a tag glued on ametallic tank
depending on its orientation.

Position to the vertical axis Maximum reading range
0∘/90∘ on nonmetal surface 162 cm/160 cm
0∘ on metal surface 81 cm
30∘ on metal surface 78 cm
60∘ on metal surface 73 cm
90∘ on metal surface 53 cm
120∘ on metal surface 53 cm
150∘ on metal surface 73 cm

The measures were performed in such a way that the
reader antenna and the tag were parallel to each other,
according to the coordinate system indicated in Figure 2.
Besides, the maximum reading distance was measured for
several positions of the tag on the tank, indicated as an angle
with respect to vertical direction (𝑌), assuming cylindrical
metallic tanks oriented with its axis along 𝑌.

Table 1 shows themaximum reading range for each orien-
tation of the tag in the tank and ameasure of the reading range
with the tag in a nonmetal surface (a wall) for comparison.

0∘ to the vertical axis (i.e., the tag is vertically installed)
seems to be the best position for the tag (it can be read at
up to 81 cm). The difference in reading distance between this
case and 90∘ to the vertical axis, that is, horizontal installation
(53 cm of reading range), may be due to the curvature of
the tank, because the metal contact underneath tag is not
uniform in its entire surface. This difference is minimal in
the reference case maybe because the tag is attached to a flat
surface.

It is interesting to observe that the presence of themetallic
surface divides by two themaximum reading distance; that is,
it degrades the performance of the RFID link.

4.2. Bottles. A radio electric measurement campaign involv-
ing differentmodels of bottles, different kind ofwines, various
RFID tag designs, and several locations of the RFID tags has
been performed within an anechoic chamber. As a difference
with previous experiences, where researchers used tailor
made setups [25], this measurement campaign has been
developed with standard RFID reader. Figure 3 shows instant
snapshot of the measurement campaign.

Measurements were made using the Alien ALR-9900
reader [26] and an Alien ALR-8611-AC antenna [27]. As the
tests have been performed within an anechoic chamber, the
use of only one type of RFID reader has no impact on the
obtained results. Up to eight different tag models (Table 2)
were tested looking for situations whichwould be common to
most of them, depending on their adaptation to the electro-
magnetic conditions of the bottle. To assess whether the type
of wine contained in the bottle and the shape of the bot-
tle influence the measure, measurements have been made
attaching tags in four bottles of different wines. To evaluate
how much the signal is attenuated in the presence of liquid,
the same measurements were made in two empty bottles in
order to establish a reference.

We considered that, using individual bottles during the
experiment, we could isolate the effects of the bottle and wine
on the propagation conditions.When using various bottles at
a time, it could be difficult to explain which effects are due to
the wine and individual bottle and which are a consequence
of multipath among the set of bottles.

Table 3 shows detailed information about the shape of the
bottles. The distance between the center of the antenna and
the center of the platform where the bottle is placed is 60 cm,
and the antenna is pointing to the bottle with an angle of 19∘
with respect to the vertical axis.

The first results of the campaign show that the received
power is reduced in all cases, due to the presence of the
liquid, which also modifies the radiation pattern, as can be
observed in Figures 4, 5, and 6.Themaximum received power
is reduced between 31% and 89% depending on the type of
tag used, with a mean value of 63%. In the same way the arc
around the bottle where the reading of the tag is possible is
also reduced, from 9% to 73%, with a mean value of 28%
(in only one of the combinations considered no reduction is
observed).

Table 4 shows the percentage of reduction of received
power when the wine is inside the bottle. As expected the tags
on the filled bottles are not able to guarantee optimal perfor-
mance, due to the attenuation of radio waves in the presence
of liquids. Analyzing the results, it seems that the reduction in
the power received from the tag due to the presence of liquid
is more related to the type of tag used than to the shape of the
bottle and the chemical characteristics of the liquid inside it,
as the percentage values are quite similar, inmost of the cases,
for a given tagmodel. Only slight differences can be attributed
to the specific chemical characteristics of wine, as happens
with bottles 2 and 4, which, despite containing the two red
wines, do not have the same percentage. The wines are under
different denominations of origin.

When considering the arc around the bottle where the tag
can be read, as indicated in Table 5, the model of tag used has
a great influence on arc reduction, but, in some situations, for
a given tag, the reduction is different, and this could come
from the shape of the bottle or from the content inside it.

(i) For tag 2 and tag 4 the arc at which the reading is
possible is smaller for the bottle with Burgundy shape.

(ii) In the case of tag 3 the differences in reading arc
appear to be caused by the type of wine (better results
for white wine).

When choosing the best model to be used, the results showed
in both tables should be considered together. For example,
although tag 7was the onewith less reduction in the receiving
power, the reading arc is reduced to a half; tag 8 allows less
receiving power than tag 7 but the reading arc is the best.
So, for an application where the relative position between the
tag and the reader cannot be controlled with precision, tag 8
would be a better solution.

Figure 7 shows a comparison of the radiation pattern for a
specific tag and the two bottle shapes analyzed. If the bottle is
empty, the radiation pattern for the two shapes is very similar,
but we can appreciate a great difference when the bottle is full
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Table 2: Characteristics of the RFID tags used in the tests.

Tag 1 2 3 4 5 6 7 8

Chip Impinj
Monza 3

NXP U-Code
G2XL

NXP U-Code
G2XL Impinj Monza 3 Alien Higgs-3 Alien Higgs-3 Alien Higgs-3 Alien Higgs-3

Size (mm) 97 × 27 97 × 15 80 × 25 54 × 34 98 × 12 73.5 × 21 47 × 50 97.5 × 23

Inlay Paper
Prot. EPC Class 1 Gen 2
Freq. 860–960MHz

Table 3: Characteristics of the bottles of wine used in the tests.

Bottle 1 Bottle 2 Bottle 3 Bottle 4 Reference bottle 1 Reference bottles 2, 3, and 4
Shape Burgundy Bordeaux Bordeaux Bordeaux Burgundy Bordeaux
Height 30 cm 30 cm 32 cm 31.5 cm 30 cm 31.5 cm
Neck length 10.5 cm 8.5 cm 8.5 cm 8.5 cm 10.5 cm 8.5 cm
Base diameter 7.5 cm 6.8 cm 6.8 cm 7 cm 7.5 cm 7 cm
Type of wine White Red White Red — —

Table 4: Percentage of reduction in the maximum received power due to the influence of wine.

Tag 1 Tag 2 Tag 3 Tag 4 Tag 5 Tag 6 Tag 7 Tag 8
Bottle 1—white wine—Burgundy shape 89% 78% 59% 82% 86% 83% 38% 62%
Bottle 2—red wine—Bordeaux shape 81% 68% 80% 76% 78% 81% 31% 62%
Bottle 3—white wine—Bordeaux shape 80% 70% 68% 78% 80% 80% 42% 62%
Bottle 4—red wine—Bordeaux shape 83% 70% 75% 79% 81% 82% 41% 62%

Table 5: Percentage of reduction in the reading arc around the bottle due to the influence of wine.

Tag 1 Tag 2 Tag 3 Tag 4 Tag 5 Tag 6 Tag 7 Tag 8
Bottle 1—white wine—Burgundy shape 16% 67% 45% 65% 28% 13% 40% 16%
Bottle 2—red wine—Bordeaux shape 18% 22% 73% 36% 27% 23% 49% 0%
Bottle 3—white wine—Bordeaux shape 14% 26% 45% 30% 25% 17% 41% 9%
Bottle 4—red wine—Bordeaux shape 19% 26% 71% 44% 24% 15% 54% 9%

Table 6: Maximum received signal and reading arc values at
different tag heights.

Position of tag’s center Arc width Maximum (a.u.)
7 cm 177∘ 1534.3
7.8 cm 174∘ 1547.6
8 cm 175∘ 1549.3
8.5 cm 166∘ 1513.0
9 cm 133∘ 1345.5
9.5 cm 111∘ 1190.4
10 cm 47∘ 930.1
10.5 cm 96∘ 920.5
11 cm 124∘ 1141.1
11.5 cm 196∘ 1298.5
12 cm 172∘ 1321.7
12.5 cm 114∘ 1244.4
13 cm 99∘ 1141.7
13.5 cm 92∘ 1091.3

of liquid. Such a difference does not exist when the bottles
have the same shape but different content (red or white wine).

Besides, another test has been performed to choose the
best height to place the tag along the bottle. During the
tests, the tag is attached to the bottle with its center situated
between 7 and 13.5 cmwith respect to the bottomof the bottle,
and this last one is placed at a fixed location in the center of
the chamber (as already shown in Figure 3). For each position
of the tag, the RFID antenna is moving along a 360-degree
arc around the bottle location, centered at the bottle axis.The
antenna stops at each degree, where 25 readings of the tag are
performed.

Measurements have been performed with the same four
bottles used in the previous experiment and two models of
tags. Table 6 shows the width of the arc at which the reading
is possible and the maximum value of received signal (RSSI
measured by theRFID reader arbitrary units) in each position
of the tag for one of the bottles (Bordeaux shape and white
wine).Themaximumdistance between the tag and the reader
antenna is reached when the tag lies on the rear side of
the bottle. Table 7 presents this distance for the Bordeaux
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Table 7: Distance between the antenna and the center of the RFID
tag.

Position of tag’s center Maximum
distance

Minimum
distance

7 cm 57.32 cm 52.50 cm
7.8 cm 56.99 cm 52.13 cm
8 cm 56.65 cm 51.77 cm
8.5 cm 56.32 cm 51.40 cm
9 cm 55.99 cm 51.04 cm
9.5 cm 55.67 cm 50.69 cm
10 cm 55.34 cm 50.33 cm
10.5 cm 55.02 cm 49.98 cm
11 cm 54.70 cm 49.63 cm
11.5 cm 54.39 cm 49.28 cm
12 cm 54.08 cm 48.94 cm
12.5 cm 53.77 cm 48.59 cm
13 cm 53.46 cm 48.25 cm
13.5 cm 53.16 cm 47.92 cm

shaped bottle with white wine. Such distance depends on the
distance between the antenna and the bottle, the diameter
of the bottom of the bottle, and the height at which the tag
is glued. Minimum distance (tag on the front side) is also
presented for comparison.

Results show that, in this case, the best position to put
the tag is with its center between 7 cm and 8 cm away from
the bottom of the bottle. For these distances the receiving
signal reaches its maximum values, with a good reading arc
compared with other positions. Only the width of reading
arc is larger at 11.5 cm, but the values of receiving signal are
smaller.This bottle was chosen to represent the experiment as
the results for the previous combinations of tags and bottles
clearly center the best position in the same place, both in
terms of reading arc and power received. So, the results for the
mentioned bottle were more interesting to remark because
the best position was not the same for the two factors to be
considered.

5. Conclusions

In this paper, the use of RFID technology is analyzed for
implementing traceability at beverage factories, where the
ambience is not electromagnetically friendly. The main con-
cepts of such systems are introduced.

Then, different problems related to radio wave propaga-
tion are analyzed and evaluated by means of measurement
campaigns performed around metallic tanks and wine bot-
tles. An especial care is taken in comparing the performance
of the RFID tags when the material under discussion is not
present (the metallic tanks or the wine inside the bottle), as it
reinforces the idea of the degradation observed by comparing
both situations.
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Radio frequency identification (RFID) technology is more and more adopted in a wide range of applicative scenarios. In many
cases, such as the tracking of small-size living animals for behaviour analysis purposes, the straightforward use of commercial
solutions does not ensure adequate performance. Consequently, both RFID hardware and the control software should be tailored
for the particular application. In this work, a novel RFID-based approach enabling an effective localization and tracking of small-
sized laboratory animals is proposed. It is mainly based on a UHF Near Field RFID multiantenna system, to be placed under the
animals’ cage, and able to rigorously identify the NF RFID tags implanted in laboratory animals (e.g., mice). Once the requirements
of the reader antenna have been individuated, the antenna system has been designed and realized. Moreover, an algorithm based
on the measured Received Signal Strength Indication (RSSI) aiming at removing potential ambiguities in data captured by the
multiantenna system has been developed and integrated. The animal tracking system has been largely tested on phantom mice in
order to verify its ability to precisely localize each subject and to reconstruct its path.The achieved and discussed results demonstrate
the effectiveness of the proposed tracking system.

1. Introduction

The cost-effectiveness and ease of use of passive radio
frequency identification (RFID) systems in the Ultra High
Frequency (UHF) band are promoting a huge diffusion of
such technology in a wide range of scenarios, even quite far
from the canonical ones related to logistics. Identification
of goods containing liquids or metal [1–3], traceability of
sensitive goods, such as pharmaceutical products [4–7],
RFID-based sensor data transmission [8–10], RFID-assisted
navigation of robots [11], and augmented RFID scenarios [12–
15], which are only a few of the many possible examples.
A peculiar case study, not yet exhaustively explored [16],
consists of the tracking of small-size animals carrying a
small-enough RFID tag. Indeed, animal tracking and animal
behavior analysis have always had a crucial impact both in
dedicated disciplines and in biomedical contexts [17], and
different technologies are typically adopted depending on the
application context. For instance, inmost casesmedium/large

size animals (e.g., cows, pigs, etc.) in outdoor environment are
monitored, and GPS-based or radar-based tracking solutions
are adopted [18, 19]. But when groups of small laboratory
animals in indoor environments are considered, a different
solution is necessary. This is the most important challenge,
because the behavior analysis of small laboratory animals is
crucial when, for instance, the effects of newdrugs or vaccines
for humans must be preliminary evaluated. The literature in
this field proposes solutions primarily based on Low Fre-
quency (LF) [16] or High Frequency (HF) [10] RFID systems
and, consequently, not exploiting the powerful of the EPC
Class-1 Generation-2 standard, which provides, for instance,
anticollision mechanisms for the concurrent identification of
multiple tags. Other reported solutions, not based on RFID
technology, make use of sophisticated and rather expensive
vision systems [20], which, though avoiding the animal to
carry or having implanted any kind of device, can be strongly
inaccurate, especially when colonies of animals very similar
to each other must be simultaneously localized and tracked.
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In such a context, it is worth highlighting that a first attempt
that tries to exploit the passive RFID technology inUHFband
in order to implement and validate localization and tracking
systems is summarized in [21]. Moreover, a feasibility study
on the use of UHF solutions for small animal tracking is
reported in [22]. Bothworks demonstrate the appropriateness
of the use of RFID technology in the addressed problem.

In this work, a novel system suitable for the tracking,
in indoor environments, of laboratory animals free to move
within the cage has been tackled. It relies on the use of passive
Near Field (NF)UHFRFID technology.More specifically, the
ground of the animal cage is virtually split into partially over-
lapping cells whose size is comparable with that of the animal.
As the system is mainly thought for laboratorymice tracking,
squared cells, with side equals to 12 cm, are considered. Under
the fundamental working assumption that a passive NF UHF
RFID tag is implanted in every animal, customizedNF reader
antennas covering the cells with a confined and uniform
magnetic field are positioned right below the cage and in
correspondence with each elementary cell.The individuation
of the requirements of suchNF antennas and their realization
and characterization are the main scientific aspects of this
work, as the more uniform and confined is the magnetic field
of each antenna, the easier and more effective is the pro-
cessing procedure of the captured data from antenna system.
These requirements are satisfied by means of segmented loop
techniques in order to introduce a distributed capacitance
along the loop that help to lead in-phase the current distribu-
tion. In this way, a rather uniformmagnetic field even for loop
lengths comparable with the wavelength (𝜆) can be obtained.

Once the antennas have been realized and singularly
characterized, the optimum distance between each couple of
antennas has been experimentally estimated, and a matrix of
32 RFID antennas has been assembled. Moreover, in order to
minimize both the number of RFID readers and the power
radiation, the antennas have been connected to the four ports
of a single RFID reader by means of a multiplexing device.
In this way, the antennas are fed in time division and, conse-
quently, at any instant, only one of them radiates. Finally, once
Far Field (FF)measurements have been performed in order to
verify the absence of electromagnetic compatibility problems,
a software subsystem driving the hardware components and
including an effective algorithm, able to extract reliable
information about the animals’ position on the basis of
the Received Signal Strength Indication (RSSI), has been
implemented. Finally, the whole tracking system has been
validated successfully.

The paper is structured as follows. In Section 2, the
description of the system architecture is given and its
requirements individuated. In Section 3, the design of the
NF antenna system is presented, whilst the whole system is
described and characterized in Section 4. Finally, results are
given in Section 5, and conclusions are drawn in Section 6.

2. System Architecture
and Main Requirements

The main goal of this work is to design and realize an RFID-
based tracking system suitable for the behavior analysis of

Cell

Antenna
hub

Antenna
hub

Antenna
hub

Antenna
hub

GPIO boxReader RFID

Reader antenna

· · · · · · · · ·

Figure 1: Hardware scheme of the proposed tracking system.

groups of animals and even of each single animal belonging
to a group. In particular, the system is thought for small-
sized laboratory animals, usually mice, free to move within
a cage. Consequently, a resolution of the order of the animal
size is considered satisfactory. As for the enabling technology,
passive UHF RFID typology has been chosen because, com-
pared with other solutions usually based on vision systems,
it is cheaper and guarantees better performance even in case
of strong similitude among the animals and in absence of
illumination. The basic idea is to firstly design and realize
a particular NF antenna system suitable for UHF RFID
readers to be placed below the animal cage and, then, to
validate the integration with software modules developed for
management, controlling, storing, and reporting. Each reader
antenna should be able to generate a rather uniformmagnetic
field in a well-defined and confined region representing the
generic elementary cell of the system. In such a way, when
only one of the antennas reads an RFID tag, the animal
position is promptly individuated. Vice versa, if more than
one antenna read the same RFID tag, the potential ambiguity
can be solved through an algorithm based on RSSI analysis.
The general scheme is represented in Figure 1, where a case
with 32 elementary cells is considered. As can be observed,
a PC is used to control the RFID reader and to elaborate
the collected data. In order to minimize the number of
readers, the system cost, and the emitted power, a single 4-
port RFID reader is used which powers up all the 32 antennas
in time division by means of a multiplexer composed of
the GPIO box and four antenna hubs. Differently from [22],
in which only a preliminary and very simplified hardware
system was presented (e.g., the Antenna Hubs were not used)
and the focus was only on the software architecture design
and implementation, in this work a more complex hardware
system is presented. By using such a hardware, it is possible to
monitor a larger environment and therefore a greater number
of animals, reducing the costs.

It is fundamental to identify the main requirements to
be satisfied by the hardware components (e.g., antenna,
multiplexer, etc.) as well as by the software infrastructure in
order to design an efficient animal tracking system.
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As for the antenna system in the RFID UHF bandwidth
(860–960MHz), the main goal is to realize a single antenna
able to generate a magnetic field as uniform as possible in
a region as large as the elementary cell, which in the mice
case is smaller than 12 cm × 12 cm. It is worth observing
that conventional loop antennas cannot be adopted, as they
would guarantee a uniform magnetic field only for loop
length significantly smaller than 𝜆/2 [23], that is, for squared
antennas with edges significantly smaller than 4 cm at the
interested working frequency.

Based on such an antenna system, the software infras-
tructure should be able to pilot the system, to collect data, to
resolve potential ambiguities when more antennas read the
same tag, and finally to produce a report for each animal
showing paths, interactions with other animals, and potential
anomalous behaviors. For such goals, the proposed software
architecture should be subdivided into three modules:

(i) the data acquisition module, that should be able to
guarantee an efficient management by exploiting the
Low Level Reader Protocol (LLRP) [24] and should
provide reading reports of each reader antenna to be
stored in a relational database;

(ii) the processing module, that should be able to trans-
form the intercepted raw data into fine location data;

(iii) the plotting module, that should be able to provide
the end-user (i.e., animals behavioral researcher) with
both a synthetic vision and a detailed vision.

3. Antenna Design

In order to obtain an effective localization, each antenna
composing the animal tracking system has to be specifically
designed in order to (1) irradiate a magnetic field as confined
as possible in a cell, (2) ensure an inductive coupling with
the RFID tag when the animal is on the cell associated to
the reader antenna, and (3) guarantee a uniform magnetic
field within the cell in order to minimize the localization
uncertainty. Actually, even though NF UHF RFID reader
antennas exhibiting good electromagnetic performance are
on the market, antennas that contemporaneously cover
all the mentioned requirements are not present yet and,
consequently, have to be specifically designed. According
to the first specification, among all the possible antenna
structures [23, 25–27], the loop structure seems to be a good
solution to implement NF reader antennas. Nevertheless, in
the conventional loop [23, 25], when the antenna perimeter
is comparable with the wavelength (𝜆) at the operating
frequency (𝑓), the antenna does not produce a uniform
magnetic field because currents are not in phase along the
circumference. This aspect does not satisfy the other desired
properties. The problem can be overcome by modeling the
structure as a segmented loop antenna.

Although segmented loop antennas for RFID applications
are in the literature [26], excessive dimensions of such anten-
nas, of about 16 cm× 18 cm, are not compatiblewith the size of
the cells at the desired frequency. For such reason, in order to
reduce the segmented loop antenna size and, at the same time,

preserve the radiative properties of this type of antennas,
somemodifications have been introduced. In Figure 2(a), the
layout of the proposed segmented loop antenna is shown.The
parameters 𝐿

𝑠
and 𝐺

𝑝
indicate the segment length and the

gap distance between each segment respectively, whilst the
parameter𝑇

𝑠
is thewidth of the segment and𝐺

𝑠
is the distance

among inner and outer segments. As can be observed,
differently from the segmented loop antennas presented in
[26], the proposed structure exhibits two technical improve-
ments which guarantee, on the one hand, a considerable size
reduction (even up to 50%) and, on the other hand, fine
regulation and a balancing of the current flow along the loop.
The former improvement consists of introducing an inner
segment at the top of the antenna having size 3 × 𝐿

𝑠
.The effect

of this relatively “long” segment is to balance the current
distribution, which typically tends to concentrate itself at the
bottom of the antenna (near to the feed) when the overall
loop dimension is reduced. Actually, the size of this segment
is sufficiently small if compared with the wavelength, thus
avoiding the current phase inversion, and at the same time
it is long enough to favor the current flow along the top side
of the antenna. The latter improvement consists of properly
modifying the gap 𝐺

𝑡
at the top of the antenna, which allows

a fine tuning of the current distribution in the whole antenna.
On such basis, the antenna in Figure 2(a) has been

preliminarily designed on an FR-4 board having dielectric
constant 𝜀

𝑟
= 3.7, substrate thickness ℎ

𝑠
= 1.6mm, and

copper thickness ℎ
𝑐
= 0, 035mm and then optimized to

work in the European dedicated UHF RFID band. Moreover,
a matching network, consisting of a small loop in proximity
of the feed (see Figure 2(a)), has been introduced to match
the antenna impedance to the reader port impedance of 50Ω.
Table 1 summarizes the antenna parameters obtained after the
simulation phase carried out by using CSTMicrowave Studio
software [28].

More in detail, such parameters have been evaluated
through a parametric optimization by using a gradient-based
interpolated Quasi-Newton optimizer of CST and by setting
a resonance frequency of 866MHz as fitness function.

After such phase, size of the antenna is of 89.0mm ×
93.0mm (becoming 100.0mm × 115.0mm including the sup-
port board) with a reduction in terms of occupied area of 51%
with respect to the segmented loop presented in [26]. In spite
of such a considerable size reduction, the current flow along
the antenna is uniform as can be observed in Figure 2(b), and
consequently the expected radiated magnetic field is uniform
as well, and rather confined in a region slightly larger than
the total area of the antenna. For a better clarification, in
Figure 2(c) a slice of the simulated distribution of the radiated
magnetic field at 2.5 cm of distance from the antenna is
shown, confirming the actual magnetic field uniformity and
the proper antenna operation.

Finally, in order to prove also the faultless impedance
matching between the antenna and the reader port, in
Figure 3, graphs of both simulated and measured |S11| scat-
tering parameters related to the reference impedance of 50Ω
in the frequency band 700–1100MHz are reported. Graphs
highlight the very good agreement between the two curves
with a resonance peak of −29 dB in the first case and −23 dB
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Figure 2: (a) Segmented loop antenna for animal tracking system. (b) Current distribution of the segmented loop antenna. (c) Magnetic field
distribution of the segmented loop antenna for animal tacking system at 2.5 centimeters of distance.

Table 1: Segmented loop antenna parameters.

Parameter Value (mm) Description Type
𝐿
𝑠

30.0 Segment length Fixed
𝐺
𝑝

1.1 Gap between segments Fixed
𝑇
𝑠

1.0 Segment width Fixed
𝐺
𝑠

0.35 Distance inner-outer segment Fixed
𝐺
𝑡

1.9 Gap at the top of the loop Tunable
𝑀
1

4.0 Matching element height Tunable
𝑀
2

5.0 Matching element width Tunable

in the second one at 866MHz. The |𝑆
11
| measure has been

carried out by using the Vector Network Analyzer (VNA)
model R&S ZVL 6.

4. System Design

The system, as a whole, is designed and implemented so
as to provide accurate data on the mice movements during
the desired observation period. Macroscopically, the system
consists of the blocks represented in Figure 4, in which it
is possible to distinguish the hardware subsystem, shown
in Figure 1, and the software subsystem, responsible for
configuring/controlling the hardware and for processing raw
data coming from the antennas.

As already stated, the area of the cage is divided into a
matrix of cells and, in correspondence to each cell, one of the
antennas designed in Section 3 is positioned. Each antenna
sends a readings report at a very high frequency (about
250ms), so as to detect even very fast mice movements. The
hardware subsystem mainly consists of an Impinj Speedway
Revolution R420 reader [29] with four antenna ports, an
Impinj GPIO adapter [30], and one HD15 cable. The GPIO
adapter allows to connect up to four Impinj Antenna Hubs
[30], each of which accepts up to 8 reader antennas. In this
way, up to 32 different antennas can be powered in time
division through a single 4-port RFID reader, but no more
than one of them is powered at a certain time, thus reducing
potential array effects and preserving energy wasting.
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Figure 3: Simulated and measured |𝑆
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| of the segmented loop
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Figure 4: Overall schema of the proposed tracking system.
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Each Antenna Hub is connected to the GPIO adapter by
using a straight Ethernet cable and to the reader by using
an SMA-male to R-TNC-female coaxial cable, whereas each
reader antenna is connected to its Antenna Hub by using an
SMA-male to SMA-male coaxial cable. Finally, the reader is
connected to the computer via a cross Ethernet cable. In this
way the application will acquire all reader antennas reports
and will store them in a relational database. However, it is
worth pointing out that, apart from the research activity costs
for both software and antenna design, the whole hardware
costs do not exceed the amount of 3.000,00 euros. Such costs
are considerably lower than costs of other and more adopted
solutions based, for instance, on vision systems.

The software subsystem, instead, consists of an appli-
cation that acquires the data coming from the antennas,
a processing algorithm that processes these raw data, and
a software module responsible for the plotting of tracking
graphs.These three softwaremodules interactwith each other
bymeans of a relational database, in which both raw readings
and final positional data are stored. One of the main tasks of
the acquisition application is to preliminarily configure the
RFID reader by specifying some operating parameters such
as the transmission power of the antennas. The interaction
between this software module and the hardware subsystem
is made possible by exploiting the LLRP, according to which
packets are formatted.The acquisition application also allows
the end-user (i.e., researcher) to preliminarily acquire the
identifiers to be traced. In such a way, only the data of
interest are collected and processed. The core of the software
subsystem is represented by the algorithm that processes raw
data. In case of ambiguities due, for instance, to potential
simultaneous readings of the same tag by more than one
antenna, the algorithm evaluates the RSSI value associated
with each reading and, on the basis of specific considerations
regarding the succession of cells in the detected path (concept
of adjacency between cells based on the Chebyshev distance
calculation [31]), resolves the ambiguities. Finally, the data
processed and stored in the database are extracted by the
plotting module and presented as space and time graphs
showing the movement of mice during the observation
period. Moreover, many other data, such as the average
residence time in each cell, are summarized.

In order to validate the proposed tracking system several
tests have been carried out by using plastic test tubes filled
with saline solution and on each tube a passive RFID tag has
been applied. The saline solution is able to simulate with a
good approximation the attenuation caused by the animal
tissue during the reading of the tag.

The tag type used in the tests is a commercial passive NF
UHFRFID transponder characterized by amemory of 32 bits,
whose antenna size is 15mm × 10mm and the mounted
chip is the ImpinjMonza4D [32]. Finally, this tag has an
inlay composition characterized by aluminum on the top and
polyester PET as substrate.

5. Results

In this section, validation results related to both the designed
antenna system aswell as thewhole tracking system are given.

5.1. Antenna System Results. Once a first prototype on the
segmented loop antenna proposed in Section 3 has been
realized, a characterization aimed at verifying the capability
to effectively read a tag within a cell has been performed
through the RSSI measurement of each read tag. In order to
verify the proper functioning even when multiple tags are
read simultaneously, the test has been performed by using
a matrix of 25 NF RFID tags arranged on a 12 cm × 12 cm
(the same size of a cell) paperboard substrate as illustrated in
Figure 5(a). More in detail, the antenna under test has been
firstly connected to the Impinj Speedway Revolution RFID
reader, then the tag matrix has been placed in front of the
antenna at different distances in a range from 2 cm to 5 cm,
in steps of 1 cm, as shown in Figure 5(b). For each step, the
averageRSSI of each of the 25 tags has been evaluated through
the reader by varying the reader output power between
24 dBm and 30 dBm in steps of 3 dBm for a test time of 20
seconds per point.

The goal of such study is the experimental evaluation
of suitable combination of antenna distance and emitted
power guaranteeing a rather uniform RSSI within a cell.
Consequently, gathered RSSI values have been elaborated by
using MATLAB [33], and graphs reporting a map of the RSSI
distribution at different distances and different power levels
have been obtained and reported in Table 2. In particular,
for each RSSI map, a single cell represents in gray-scale the
average RSSI value in dBm measured for each tag of the
matrix. It can be observed that null values of RSSI are present
in some cases, whilst in most cases a quite uniform RSSI
distribution is appreciated. In particular, the best result is
obtained at a distance of 5 cm and power of 27 dBm. In such
case, RSSI values vary in a rather narrow range between
−55.0 dBm and −65.68 dBm, and the distribution is quite
uniform.

Once the proper functioning of a single antenna has
been demonstrated, a second test aimed at estimating the
optimum distance between two adjacent antennas has been
performed in order to validate also the whole animal tracking
platform. Such a test has been carried out by placing the
antennas (opportunely connected to an Impinj Speedway
reader) with two sides adjacent between them and by locating
an NF tag along the separation line at a distance of 5 cm
above the antennas surface (Antenna I and Antenna II in
Figure 6(a)). Consequently, the distance between the two
antennas has been gradually increased from 0 cm to 2 cm,
in step of 1 cm, in order to evaluate the minimum distance
guaranteeing the continuity in the tag identification during a
transition between two different antennas. More specifically,
for each step the NF tag has been unbalanced towards the
Antenna I and the ratio between the readings performed by
the Antenna I and the overall number of readings of the two
antennas has been evaluated. In Table 3, results are reported.
As can be observed, optimum values have been obtained for
gaps of 1 cm and 2 cm, with a percentage of readings of the
Antenna I greater than 95%.

On such basis an average gap of 1.5 cm has been then set.
Finally, in order to verify the proper tag localization even dur-
ing diagonal transitions along two different antennas, a sys-
tem of four antennas (Antenna I, Antenna II, Antenna III,
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(a)

Matrix of tags

Antenna2 ÷ 5 cm
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Figure 5: (a) A 5 × 5 matrix of RFID NF tags. (b) Schema used for both antenna/tag distance and reader power output evaluation.

Table 2: Graphs of the RSSI distribution of the tag matrix.
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Figure 6: (a) Antenna disposition for horizontal tag transition. (b)
Antenna disposition for diagonal tag transition.

Table 3: Antenna distance results.

Antenna 1
(Read percentage)

Antenna 2
(Read percentage)

0 cm 53% 47%
1 cm 95% 5%
2 cm 97% 3%

and Antenna IV) placed reciprocally at 1.5 cm of distance
has been arranged as shown in Figure 6(b). The previous
test has been replicated unbalancing the tag on Antenna I
along a diagonal (Antenna I–Antenna IV) and calculating
the percentage ratio between the number of readings of the
Antenna I and the sum of the readings of all the antennas.
The obtained reading percentage of 95% confirms that the
distance of 1.5 cm among the antennas is a suitable choice.

On the basis of the obtained results, the hardware setup
for the animal tracking system has been composed by adopt-
ing 32 segmented loop antennas and by setting a distance

between antennas and the cage of 5 cm, the separation gap
between each couple of antennas of 1.5 cm, and the output
reader power of 27 dBm.

Moreover, in order to verify the absence of any elec-
tromagnetic compatibility problem potentially due to the
array effect, far field measurements have been performed
at different distances from the antenna platform. Thanks to
the use of the multiplexer, only one antenna is powered at
a certain time slot, so that even at very short measurement
distances (30 cm) less than 1V/m has been measured.

As further validation test, the effect of the tilt of a tag
(mouse) with respect to the antenna system plane has been
studied, so as to take into account the mice attitude to stand
up on their hind legs (e.g., to drink or play). In particular,
the tagged phantom mouse has been placed at a distance
of 5 cm from the antenna system plane and its tilt has
been varied from 0∘ to 90∘. Performed measurements have
shown negligible RSSI variations, thus guaranteeing the mice
localization even in such a particular case.

5.2. System Validation. In order to demonstrate the effec-
tiveness of the whole realized system, a real scenario has
been reproduced by moving a plastic tube filled with saline
solution and containing an NF UHF RFID tag in a cage
placed over the designed antenna system. In such a way the
plastic tube emulates the mouse, and it has been moved on
the cage floor in order to reproduce many predefined paths.
In the meanwhile, data are acquired, interpreted, filtered,
and presented thanks to the joint work of the hardware and
software subsystems.

In particular, in Figure 7(a), one of the paths actually per-
formed is shown, whereas in Figure 7(b) the sequence of raw
readings detected by the proposed antenna system is given. It
can be observed that the path is not perfectly reconstructed.
In particular, some cells (3, 19, and 21) very close to the real
path and even one cell (the number 13) distant from the
path more than 30 cm (almost three cells) are erroneously
considered. It is worth recalling that at this step no algorithm
corrections have been performed yet. Figures 7(c) and 7(d)
show, instead, the result of the data processing performed by
the software system after a partial step (Figure 7(c)) and at the
end of the elaboration (Figure 7(d)). In particular, after the
RSSI analysis, the spurious readings performed by antennas
related to cells adjacent to the performed path are corrected,
and, finally, also the error associated with the cell that does
not comply with specific adjacency requirements between
cells is eliminated.

It isworth observing that themovement of the plastic tube
is perfectly reconstructed in several different conditions, thus
demonstrating the effectiveness of the proposed framework,
now ready for a validation through a living animal approach.
In Figure 8, a real photo of thewhole system in order to clarify
the experimental setup is shown.

Finally, a further test has been carried out in order to
verify the capability of the proposed system to deal with
multiple mice at the same time. In Figure 9, two paths are
reported. They have been reproduced moving by hand two
phantom mice approximately at the same speed (almost two
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Figure 7: Experimental results of the overall tracking system: (a) path actually performed; (b) raw readings detected by antennas; (c) partially
processed path; (d) final result of the raw readings processing.

Figure 8: A real photo of the experimental setup.

cells per second). In such a way, both phantom mice cross
simultaneously some of the cells (i.e., cells number 4, 12, 20,
and 28). The paths have been reproduced several times and
consequently reconstructed by the software platform. Then,
the ratio between the number of erroneously detected cells
and the total number of interested cells has been evaluated.
Errors inferior to 1% have been calculated in both paths, thus
confirming the correct working of the system also for more
than an animal.

6. Conclusions

In this work, a tracking system enabling the behavior analysis
of small living laboratory animals in cages has been proposed
and validated. In particular, the system takes advantages
from the functionalities of RFID technology in the UHF
band, which guarantees reasonable costs and naturally allows
the monitoring of colonies of animals—very similar to one

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16

17 18 19 20 21 22 23 24

25 26 27 28 29 30 31 32

Figure 9: Paths used to evaluate the system capability to intercept
simultaneously readings of different tags.

another—and even of each single animal both during day and
night time.

In particular, an antenna system composed of up to 32
NF antennas in the UHF RFID bandwidth has been realized.
Each antenna guarantees a radiated magnetic field almost
uniform in a confined and well-defined region as large as a
small mouse and representing the generic elementary cell of
the system region.Thematrix of antennas has been then posi-
tioned below the animal cage floor and connected to an UHF
RFID reader bymeans of amultiplexer.The capability of each
antenna to read a tag applied on a phantom mouse (a plastic
tube filled with a saline solution) in the antenna-related cell
has been firstly verified. Finally, a software platform has been
realized. It is able to both drive the hardware subsystem
and to collect, analyze, and summarize the reading data.
Both the antenna system and the whole platform have been
then validated, clearly demonstrating the appropriateness of
the proposed system to enable an effective animal behavior
analysis based on UHF RFID technology.
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