INTERNATIONAL RESEARCH JOURNAL OF COMPUTER e-ISSN: 2329-874X
AND ELECTRONICS ENGINEERING Volume 13, Number 03, Mar. 2026

UHF RFID Sensing and Localization Architectures for Internet of Things Driven
Food Safety, Retail Intelligence, and Intelligent Transportation Systems

Hugo Pereira

Department of Electrical and Information Engineering, University of Granada, Spain

Published Date: - 28 Mar 2026, Page No.: - 42-50

KEYWORDS

UHF RFID, Internet of Things,
food quality sensing, indoor
localization, vehicular
tracking, retail analytics.

ABSTRACT

Radio Frequency Identification technology has evolved far beyond its original role as a
simple identification and tracking mechanism and now occupies a central position in the
development of large scale Internet of Things ecosystems. The convergence of UHF RFID
sensing, localization, and communication has enabled a new class of cyber physical
infrastructures that operate with minimal power, extreme scalability, and high economic
efficiency. This research article presents a comprehensive theoretical and empirical
synthesis of UHF RFID based sensing and localization systems for food quality
monitoring, retail analytics, and intelligent transportation systems. Drawing exclusively on
peer reviewed scientific literature and established technical references, the article develops
a unified conceptual framework that explains how RFID sensors, localization algorithms,
vehicular identification systems, and neural assisted signal processing models combine to
create robust and intelligent 10T platforms.

The work begins by establishing the foundational role of RFID in the Internet of Things,
highlighting how object level connectivity transforms traditional data acquisition into
continuous environmental intelligence as proposed by Ashton and later expanded by Jia
and Feng. The article then extends into the physical layer, explaining how biopolymer
based RFID sensors provide flexible, sustainable, and chemically sensitive interfaces for
monitoring food freshness and environmental conditions as demonstrated by Saggin and
colleagues. From this material foundation, the study advances into spatial intelligence,
detailing how interference based three dimensional localization, angle of arrival
estimation, antenna diversity, and support vector regression enable high resolution tracking
of both tagged and untagged objects within complex indoor and vehicular environments.
Special emphasis is placed on transportation systems, where RFID enabled tolling, vehicle
identification, and lane monitoring create a real time traffic intelligence infrastructure that
supports both safety and efficiency. The article integrates research on RFID based
vehicular localization, magnetic loop hybrids, and gate control systems driven by
convolutional neural networks to demonstrate how RFID has evolved into a decision
making sensor network rather than a passive data carrier. Theoretical and practical trade
offs related to duty cycle limitations, synchronization, industrial 10T constraints, and
extreme environment deployment are critically analyzed to establish the operational
boundaries of these systems.

By synthesizing sensing, localization, machine intelligence, and regulatory frameworks
into a single analytical narrative, this article contributes a unified theoretical model for
UHF RFID based loT platforms. The findings demonstrate that RFID technology, when
augmented by modern signal processing and neural inference, forms the backbone of
scalable, low energy, and high reliability cyber physical systems capable of supporting the
future of food safety, retail automation, and intelligent transportation networks.

INTRODUCTION
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The modern Internet of Things represents one of the
most transformative paradigms in contemporary
engineering and information science. It redefines the
boundary between the physical world and the digital
domain by enabling everyday objects to become
active  participants in  data  generation,
communication, and decision making. At the heart of
this  transformation lies Radio  Frequency
Identification technology, which has progressed
from a niche tracking solution into a foundational
infrastructure for large scale cyber physical systems.
The early conceptualization of the Internet of Things
by Ashton framed RFID as the technological bridge
that allows physical items to speak to digital
networks, thereby shifting computation from being
human centered to object centered (Ashton, 2009a;
Ashton, 2009b). This philosophical shift remains as
relevant today as when it was first articulated, but its
technological expression has become vastly more
complex and powerful.

The proliferation of RFID has been driven not
merely by its capacity to identify objects but by its
ability to support sensing, localization, and
communication in a single low power platform.
Unlike conventional wireless sensor networks that
require batteries and complex networking protocols,
passive and semi passive RFID tags derive energy
from reader signals and operate with minimal
infrastructure. This makes them uniquely suited to
the massive scale envisioned by the Internet of
Things, where billions of objects must be monitored
without unsustainable energy and maintenance costs
(Jia et al., 2012; Valhouli, 2010). The convergence
of RFID with sensing and computation transforms it
into a ubiquitous interface between the physical
environment and digital intelligence.

Food safety, retail automation, and transportation
systems represent three of the most economically
and socially critical domains where this convergence
is taking place. In the food supply chain, the ability
to monitor freshness, temperature, humidity, and
chemical changes in real time is essential to reduce
waste, prevent contamination, and protect public
health. Saggin et al. demonstrated that flexible

biopolymer based RFID sensors can be integrated
directly into packaging materials to provide
continuous quality monitoring without altering the
food itself (Saggin et al., 2019). This development
extends RFID from identification to active
environmental sensing, thereby enabling data driven
food management systems.

In retail environments, RFID has long been used for
inventory management, but recent advances have
transformed it into a platform for real time location
tracking, theft prevention, and customer behavior
analysis. Systems based on RFID inventory
networks, interference based localization, and neural
driven gate control enable retailers to monitor item
movement with unprecedented precision (Anssens et
al., 2011; Liu et al., 2019; Alvarez Narciandi et al.,
2019). This spatial intelligence creates a digital twin
of the physical store, allowing optimization of
logistics, layout, and security.

Transportation systems, particularly in urban and
highway contexts, have also been revolutionized by
RFID. Electronic toll  collection, vehicle
identification, and traffic flow analysis rely on RFID
based positioning and identification to support
intelligent transportation infrastructures. Research
by Lee et al. demonstrated early on that RFID and
vehicle positioning systems could be integrated to
enable automated tolling, while more recent studies
have expanded this concept to include real time
vehicular localization and lane monitoring (Lee et
al., 2004; Zhang et al.,, 2019). These systems
contribute not only to operational efficiency but also
to road safety and environmental sustainability.

Despite this broad range of applications, the
scientific literature on RFID remains fragmented
across sensing, localization, communication, and
regulatory domains. There is a need for an integrated
theoretical framework that explains how these
elements interact to form coherent Internet of Things
systems. While individual studies have addressed
specific components such as biopolymer sensors,
angle of arrival localization, or convolutional neural
networks for gate control, few have attempted to
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synthesize these into a unified model of RFID based
cyber physical intelligence. This article addresses
this gap by constructing a comprehensive analytical
narrative that connects physical layer materials,
radio frequency propagation, signal processing,
machine intelligence, and regulatory constraints into
a single conceptual architecture.

The problem that motivates this research is not
whether RFID can support 10T applications but how
it can do so reliably, accurately, and at scale under
real world constraints. Issues such as signal
interference, multipath propagation, duty cycle
regulations,  synchronization, and  extreme
environment operation all impose limits on system
performance (Saelens et al., 2019; Yildirim et al.,
2019; Rashvand et al., 2014). Understanding how
these constraints interact with sensing and
localization algorithms is essential for designing
robust RFID based loT platforms. By drawing on a
wide range of empirical and theoretical studies, this
article develops a detailed understanding of these
interactions and proposes a coherent framework for
future research and deployment.

METHODOLOGY

The methodological approach adopted in this
research is based on integrative theoretical synthesis
combined with comparative analytical evaluation of
existing empirical studies. Rather than introducing
new experimental data, the objective is to extract,
harmonize, and reinterpret the findings of
authoritative RFID and Internet of Things research
in order to build a comprehensive conceptual model.
This approach is particularly appropriate in a field
where rapid technological evolution has produced a
large but fragmented body of knowledge across

sensing, localization, = communication, and
regulatory analysis.

The first methodological step involves the
categorization of RFID research into four

interdependent layers: physical sensing, spatial
localization, system level intelligence, and
regulatory and operational constraints. Physical

sensing encompasses the materials, antennas, and
integrated circuits that allow RFID tags to respond to
environmental stimuli such as moisture, temperature,
or chemical changes. Saggin et al. provided a
detailed examination of how biopolymer based
substrates can be engineered to change their
electromagnetic response as food quality degrades,
thereby  enabling  direct sensing  through
backscattered radio signals (Saggin et al., 2019).
Similarly, Melia Segui and Vilajosana demonstrated
how standard UHF RFID tags can be adapted to
measure moisture levels in industrial contexts,
showing that sensing does not require specialized
electronics but can be achieved through clever
manipulation of antenna properties (Melia Segui and
Vilajosana, 2019). These studies form the empirical
foundation of the sensing layer.

Spatial localization constitutes the second layer of
analysis. Here, the methodology involves comparing
different approaches to determining the position of
RFID tags and objects using radio frequency
measurements. Liu et al. developed an interference
based three dimensional localization system capable
of tracking both tagged and untagged targets,
revealing how multipath interference, often
considered a source of error, can be exploited as a
source of spatial information (Liu et al., 2019). Xu et
al. introduced support vector regression as a means
of mapping received signal strength to physical
coordinates, thereby incorporating machine learning
into the localization pipeline (Xu et al., 2018). Zhou
et al. focused on angle of arrival estimation, while
Shao and Burkholder explored antenna spatial
diversity as a means of improving item level location
accuracy (Zhou et al., 2011; Shao and Burkholder,
2013). By synthesizing these approaches, the
methodology identifies the fundamental trade offs
between computational complexity, accuracy, and
deployment cost.

The third layer, system level intelligence, examines
how raw RFID data is transformed into actionable
decisions. Alvarez Narciandi et al. demonstrated
how convolutional neural networks can process
RFID gate data to classify object movement patterns,

44



INTERNATIONAL RESEARCH JOURNAL OF COMPUTER AND ELECTRONICS ENGINEERING

(ISSN: 2329-874X)

enabling automated control systems for retail and
logistics (Alvarez Narciandi et al., 2019). Farhat et
al. explored advanced characterization of RFID
items to enhance retail analytics, while Anssens et al.
proposed network level architectures for RFID based
inventory systems (Farhat et al., 2018; Anssens et al.,
2011). In parallel, research on neural interfaces and
backscattered communication protocols illustrates
how RFID principles extend even into biomedical
cyber physical systems, highlighting the generality
of the underlying technology (Ranganathan et al.,
2019; Arjona et al., 2019).

The final methodological layer addresses regulatory
and environmental constraints. Saelens et al.
analyzed how duty cycle and transmission power
limits in European sub gigahertz bands affect low
power wide area networks, which include many
RFID based systems (Saelens et al., 2019). Yildirim
et al. studied synchronization challenges in
computational RFID networks, while Rashvand et al.
reviewed wireless sensor systems for extreme
environments, providing insight into the robustness
required for industrial and transportation
applications (Yildirim et al., 2019; Rashvand et al.,
2014). Kranenburg and Bassi framed these issues
within the broader context of loT challenges,
emphasizing scalability, interoperability, and
sustainability (Kranenburg and Bassi, 2012).

By structuring the analysis around these four layers,
the methodology enables a holistic understanding of
how RFID based loT systems operate. Each
empirical study is interpreted not in isolation but as
part of an interconnected technological ecosystem.
The resulting synthesis forms the basis for the results
and discussion that follow.

RESULTS

The integrated analysis of RFID based sensing and
localization reveals a coherent pattern across diverse
application domains. At the physical sensing level,
the use of flexible and environmentally responsive
materials fundamentally changes the role of RFID
tags. Saggin et al. demonstrated that biopolymer

substrates can be engineered to exhibit changes in
dielectric properties as food spoils, leading to
measurable shifts in the backscattered signal that can
be interpreted as indicators of quality (Saggin et al.,
2019). This means that the RFID tag is no longer a
passive identifier but an active sensor embedded
directly into the product packaging. The result is a
continuous, non invasive monitoring capability that
aligns with the 10T vision of ubiquitous sensing.

Similarly, moisture sensing based on standard UHF
RFID tags shows that even low cost off the shelf
components can be repurposed as environmental
sensors through careful antenna and substrate design
(Melia Segui and Vilajosana, 2019). These findings
collectively demonstrate that the sensing capacity of
RFID is limited less by the integrated circuit and
more by the electromagnetic interaction between the
tag and its environment. This insight has profound
implications for scalability, as it allows sensing to be
deployed at the same scale as identification without
significant cost increases.

In the domain of spatial localization, the results
indicate that RFID can achieve surprisingly high
accuracy when advanced signal processing
techniques are applied. Interference based
localization, as proposed by Liu et al., leverages the
multipath nature of indoor radio propagation to
create unique signal fingerprints that can be mapped
to three dimensional positions (Liu et al., 2019). This
approach challenges the traditional assumption that
multipath is purely detrimental, instead revealing it
as a rich source of spatial information. When
combined with machine learning techniques such as
support vector regression, these signal features can
be translated into precise coordinate estimates even
in complex environments (Xu et al., 2018).

Angle of arrival methods and antenna diversity
further enhance localization performance by
providing independent measurements of tag
direction and signal strength (Zhou et al., 2011; Shao
and Burkholder, 2013). The convergence of these
techniques results in a multi dimensional localization
framework that is robust to noise, occlusion, and tag
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orientation. In retail and warehouse settings, this
enables item level tracking that approaches the
fidelity of much more expensive sensor systems.

The application of these localization capabilities to
transportation systems yields significant operational
benefits. RFID based vehicular localization allows
traffic management systems to monitor vehicle
movement, detect congestion, and enforce tolling
and access control with minimal infrastructure.
Zhang et al. demonstrated that RFID can be used not
only to identify vehicles but also to estimate their
position within the roadway network, enabling
intelligent transportation systems that respond
dynamically to real time conditions (Zhang et al.,
2019). Belenguer et al. further showed that
combining RFID with magnetic loops creates a
hybrid sensing platform that enhances reliability and
accuracy in vehicle identification (Belenguer et al.,
2019). These results highlight the adaptability of
RFID to outdoor and high speed environments,
which were once considered beyond its capabilities.

At the system intelligence level, the integration of
neural networks and advanced signal processing
transforms raw RFID data into actionable insights.
The convolutional neural network based gate control
system proposed by Alvarez Narciandi et al.
exemplifies how machine learning can classify and
predict object movement patterns from RFID
signals, enabling automated decision making in retail
and logistics (Alvarez Narciandi et al., 2019). This
approach reduces the need for rigid rule based
systems and allows the infrastructure to adapt to
changing patterns of behavior.

Retail analytics based on RFID item characterization
and sensor networks further demonstrate how
distributed RFID data can be aggregated into a
comprehensive view of inventory and customer
interaction (Farhat et al., 2018; Anssens et al., 2011).
These systems support real time stock management,
theft detection, and layout optimization, all of which
contribute to operational efficiency and customer
satisfaction.

The results also extend into biomedical and extreme
environment applications, where backscattered
communication and flexible protocols enable
implantable and remote sensors to operate with
minimal power and infrastructure (Ranganathan et
al., 2019; Arjona et al., 2019). This reinforces the
generality of RFID principles and their suitability for
a wide range of 10T contexts.

Finally, the analysis of regulatory and operational
constraints reveals that while RFID offers many
advantages, it must operate within strict duty cycle,
power, and synchronization limits. Saelens et al.
showed that European duty cycle regulations impose
significant constraints on transmission frequency
and duration, which can affect the responsiveness of
RFID based networks (Saelens et al., 2019). Yildirim
et al. highlighted the importance of synchronization
in computational RFID systems, where distributed
tags must coordinate their communication to avoid
collisions and ensure data integrity (Yildirim et al.,
2019). Rashvand et al. emphasized the need for
robust design in extreme environments, where
temperature, radiation, and mechanical stress can
degrade performance (Rashvand et al., 2014). These
findings underscore the importance of holistic
system design that accounts for both technological
potential and regulatory reality.

DISCUSSION

The synthesis of RFID sensing, localization, and
system intelligence reveals a technology that is far
more versatile and powerful than its traditional
perception as a simple identification tool. At a
theoretical level, RFID represents a unique
convergence of communication, sensing, and
computation that aligns closely with the foundational
vision of the Internet of Things articulated by Ashton
and further developed by Jia and Feng (Ashton,
2009a; Jia et al., 2012). Unlike conventional sensor
networks that require separate sensing, power, and
communication subsystems, RFID integrates these
functions into a single electromagnetic interaction
between tag and reader. This integration creates
opportunities for scalability and sustainability that
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One of the most significant theoretical implications
of the results is the reinterpretation of radio
frequency phenomena such as multipath interference
and backscatter modulation. Traditionally, these
effects were treated as sources of noise that degrade
communication quality. However, the work of Liu et
al. and others demonstrates that these same
phenomena can be exploited as rich sources of
information about the environment and the position
of objects within it (Liu et al., 2019). This shift from
noise to signal represents a fundamental change in
how wireless systems are conceptualized. It suggests
that the complexity of the radio environment, rather
than being an obstacle, can be harnessed as a
computational resource.

The integration of machine learning into RFID
localization and sensing further amplifies this
potential. Support vector regression, convolutional
neural networks, and other data driven models allow
complex, nonlinear relationships between radio
signals and physical states to be learned directly
from data (Xu et al., 2018; Alvarez Narciandi et al.,
2019). This reduces the reliance on precise physical
models, which are often difficult to obtain in
cluttered and dynamic environments. At the same
time, it raises important questions about
generalization, robustness, and explainability.
Machine learning models trained in one environment
may not perform well in another, and their decisions
may be difficult to interpret. Future research must
address these issues to ensure that RFID based l1oT
systems remain reliable and trustworthy.

From a practical perspective, the application of
RFID sensing and localization to food safety, retail,
and transportation offers significant societal
benefits. In the food supply chain, continuous quality
monitoring can reduce waste, prevent foodborne
illness, and improve consumer confidence (Saggin et
al.,, 2019). In retail, real time inventory and
movement tracking supports efficient operations and
enhanced customer experiences (Farhat et al., 2018;
Anssens et al., 2011). In transportation, RFID based

tolling and vehicle tracking contribute to smoother
traffic flow, reduced congestion, and lower
emissions (Lee et al., 2004; Zhang et al., 2019).
These benefits align with broader goals of
sustainability, safety, and economic efficiency.

However, the discussion must also acknowledge
limitations and challenges. Regulatory constraints on
duty cycle and transmission power impose hard
limits on how frequently RFID systems can
communicate, particularly in sub gigahertz bands
used in many regions (Saelens et al., 2019). These
limits can reduce the temporal resolution of sensing
and localization, which may be problematic in fast
changing environments such as traffic or industrial
automation.  Synchronization issues in large
networks of computational RFID tags further
complicate system design, as collisions and timing
errors can lead to data loss and reduced accuracy
(Yildirim et al., 2019).

Extreme environments present additional challenges.
While RFID has been shown to operate in harsh
conditions, factors such as temperature extremes,
radiation, and mechanical stress can affect antenna
performance and integrated circuit reliability
(Rashvand et al., 2014). Designing tags and readers
that can withstand these conditions without
sacrificing cost and scalability remains an open
research problem.

Looking to the future, the convergence of RFID with
other 10T technologies such as low power wide area
networks, edge computing, and digital twins
promises to further expand its capabilities. Hybrid
systems that combine RFID with magnetic loops,
cameras, or other sensors can provide redundancy
and enhance reliability, as demonstrated in vehicular
identification systems (Belenguer et al., 2019). The
integration of RFID data into cloud based analytics
and control platforms will enable more sophisticated
applications such as predictive maintenance,
adaptive traffic management, and personalized retail
experiences.

Ultimately, the theoretical and empirical evidence
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reviewed in this article supports the conclusion that
RFID based sensing and localization form a critical
foundation for the next generation of Internet of
Things systems. By embracing the complexity of
radio frequency environments and leveraging
advances in machine intelligence, these systems can
achieve levels of performance and scalability that
were once considered unattainable.

CONCLUSION

This research has presented a comprehensive
synthesis of UHF RFID sensing and localization
technologies within the broader context of the
Internet of Things. Drawing on a wide range of
authoritative studies, the article has demonstrated
how RFID has evolved from a simple identification
mechanism into a multifaceted platform for
environmental sensing, spatial intelligence, and
automated decision making. In food safety, flexible
biopolymer based RFID sensors enable continuous
quality monitoring at the level of individual
packages. In retail, interference based localization,
antenna diversity, and neural driven gate control
systems create a real time digital representation of
inventory and  customer  movement. In
transportation, RFID based vehicular identification
and localization support intelligent tolling, traffic
management, and safety systems.

The theoretical implications of this evolution are
profound. By reconceptualizing radio frequency
phenomena as sources of information rather than
noise, and by integrating machine learning into the
signal processing pipeline, RFID based systems
achieve a level of adaptability and robustness that
aligns closely with the vision of ubiquitous
computing. At the same time, regulatory,
synchronization, and environmental constraints
remind us that technological potential must be
balanced with practical realities.

As the Internet of Things continues to expand, the
role of RFID is likely to grow rather than diminish.
Its unique combination of low power operation,
scalability, and integration of sensing and

communication makes it an indispensable
component of future cyber physical infrastructures.
The challenge for researchers and practitioners is to
continue refining the theoretical models, algorithms,
and materials that underpin these systems, ensuring
that they remain reliable, secure, and beneficial to
society.
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