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Abstract: Numerous ubiquitous computing applications depend on the
ability to locate objects as a key functionality. We show that Radio Frequency
Identification (RFID) technology can be leveraged to achieve object localisation
in an inexpensive, reliable, flexible, and scalable manner. We outline the
challenges that can adversely affect RFID-based localisation techniques, and
propose practical mitigating solutions. We present several new algorithms for
RFID-based object localisation that compare favourably with previous methods
in terms of accuracy, speed, reliability, scalability, and cost.
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1 Introduction

The confluence of Radio Frequency Identification (RFID) and other wireless technologies
lies at the heart of many emerging applications, such as remote medicine, robotic teams,
wireless sensing, early warning systems (e.g. for tsunamis, earthquakes, chemical spills,
etc.), locating points of interests (e.g. ATMs, banks, hospitals, etc.), and automated
inventory management (Abowd and Mynatt, 2000; Hightower and Borriello, 2001;
Mattern, 2001; Satyanarayanan, 2001; Estrin et al., 2002; Romer and Domnitcheva,
2002; Vogt, 2002; Fontelo et al., 2003; Schilit, 2003; Merrell et al., 2005; Muthukrishnan
et al.,, 2005; Romer et al., 2005; Blewitt et al., 2006; Liu et al., 2006; Wang et al.,
2007; Want, 2008). Such applications require capabilities that include real-time object
identification, object tracking, and position localisation.

While typical RFID technology is sufficient for object tracking (i.e. registering the
presence/absence of an object in a radio field) and identification (i.e. matching an
onboard RFID tag ID with a trusted database), it does not normally provide object
localisation capabilities (i.e. precisely locating the position of an object). Several RFID-
based localisation techniques for stationary and mobile objects have been proposed
(Ni et al., 2003; Alippi et al., 2006; Senta et al., 2007; Milella et al., 2009). However,
these techniques tend to compromise key requirements such as accuracy, speed, cost,
scalability, and reliability, thus severely degrading the utility of these methods. Moreover,
some previous localisation methods also require cumbersome non-RFID technologies
such as ultrasonic sensors, vision sensors, cameras, and lasers, which again make them
unsuitable for practical use in typical environments.

We address these limitations by developing a scalable and reliable RFID-based
localisation framework that accurately and rapidly determines the positions of stationary
and mobile objects. Our approach consists of separate techniques to localise target tags,
as well as localise readers attached to mobile objects. To localise stationary and mobile
target tags, we vary the reader power levels over a set of calibrated reference tags having
known sensitivities. Separately, we determine the positions of target mobile readers by
measuring their proximity to known reference tags. Moreover, these two approaches can
be combined to yield even higher accuracy and efficiency.

We implemented, tested, and evaluated the proposed approach to confirm its general
applicability, scalability, and reliability. Our approach suits a wide range of requirements
and trade-offs including accuracy, speed, and cost. We have also identified several key
challenges (e.g. environmental interferences, tag sensitivity, spatial arrangement of tags,
etc.) that adversely affect the performance of RFID-based object localisation, and we
propose mitigating techniques.

This paper is organised as follows. Section 2 describes related research work in
RFID-based object localisation. We formulate the problem of object localisation using
RFID in Section 3. Section 4 presents several localisation challenges and mitigating
techniques. We describe our object localisation framework in Section 5, and discuss the
experimental evaluation and results in Section 6. Section 7 outlines key lessons learned,
and Section 8 concludes with future research directions.
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2 Related work

Recent advances in ubiquitous computing have necessitated RFID-based object localisation
capabilities, with research efforts specifically targeting the positioning of either stationary
or mobile objects. RFID-based localisation techniques can be broadly classified as reader
and tag-based approaches. In reader-based localisation techniques, the positions of RFID
readers are ascertained, while in tag-based localisation techniques, the positions of RFID
tags are determined. Note that RFID tags and readers can each be either stationary or
mobile. In this paper, we focus on pure-RFID object localisation techniques, utilising
only the interaction between RFID readers and tags (i.e. other RF-based approaches
utilising near-field propagation, surface acoustic waves, microwaves, cameras, ultrasonics,
etc., are outside the scope of this work, and arguably are not as useful in many RFID
scenarios). Existing RFID-based stationary object localisation techniques are described
below.

Ni et al. (2003) propose placing active reference tags and determining the Euclidean
distance between the reference and the target tags. K-nearest reference tags are used to
determine the position estimates of a target tag, with a maximum localisation error of less
than two metres. Alippi et al. (2006) model the indoor localisation problem as a non-
linear stochastic inversion problem. Their experimental 2D environment has multiple
readers at fixed locations and tags at unknown locations. Data is gathered using multiple
antennas at different orientations. A conditional probability-based model is used, wherein
tag detection probabilities vary at different power levels, yielding an average localisation
error of 0.68 metres. Bekkali et al. (2007) use two mobile readers, a probabilistic RFID
map, and a Kalman filter-based technique to minimise the localisation error variance.
Position estimates of the target tags are determined using a Received Signal Strength
Indicator (RSSI)-based metric, and a probability density function generates the probability
map for each reference tag. The localisation error of this approach has a root mean square
in the range of 0.5 to 1 metres.

Joho et al. (2009) develop a probabilistic sensor model based on the tag RSSI
measurement, the antenna orientation, and tag location. A mobile reader moves through
the environment to gather tag measurements and correlates them with the true locations.
Multiple iterations are required to improve the tag position estimates, resulting in an
average localisation error of 0.375 metres. Zhang et al. (2007) introduce the concept of
virtual tags and a proximity map. Their key idea is to consider the presence of virtual tags
with the reference tags. The RSSI values of virtual tags from each reader are calculated
using a linear interpolation algorithm. Different proximity maps are generated for each
reader, and the intersection of these maps is used to determine the location of the target
tags. The localisation error of this approach is in the range of 0.14 to 0.29 metres.

Wang et al. (2007) propose a 3D tag positioning scheme, wherein reference tags are
placed either on the floor or ceiling and at least four readers are placed on the vertices of
a hexahedron. Readers gradually increase their transmission power until responses are
received from the reference and target tags. Statistical averaging and the simplex method
are used to reduce the localisation error to a range of 0.1 to 0.9 metres, but at the cost
of high hardware expense and long positioning times. Choi and Lee (2009) study the
characteristics of a passive UHF RFID system and propose an RSSI-based localisation
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approach using passive tags. The K-nearest neighbours algorithm is utilised to compute
the differences of the RSSI-based metric of various reference tags in order to localise a
single target tag, with an average localisation error of 0.21 metres.

Hekimian-Williams et al. (2010) utilise the phase difference of the signals received
at two separate antennas to localise the active tags. Additionally, they make use of
software-defined radios coupled with accurately sampled clocks to implement various
phase difference estimation algorithms. Thus, clock precision is an important factor in
determining the localisation accuracy. While their system yields high accuracy under
ideal conditions, they do not take into account key factors such as multi-path scattering
and tag sensitivity. Jin et al. (2006) propose to improve the localisation accuracy of the
LANDMARC system (Ni et al., 2003) by selecting only a few reference tags that have
the least distance from a target tag. They utilise multiple readers to localise the target tags
to within an average localisation accuracy of 0.72 metres. Zhang et al. (2007) propose
using the direction of arrival of tag responses in order to localise the target tags.
Simulations indicate an average localisation error of 1 metre. However, the effects of
multi-path scattering, environmental interferences, and tag sensitivity variations are not
considered.

Some RFID-based positioning techniques are specifically designed to localise mobile
objects (as opposed to stationary ones). For example, Chae and Han (2005) propose a
two-step approach to localise mobile robots in an indoor environment. In their first step,
an onboard RFID reader is coarsely localised with respect to neighbourhood active
reference tags. In the second step, a vision sensor combined with a feature detection
algorithm identifies key environmental features to minimise the average localisation error
to 0.23 metres. Their approach is less applicable in different scenarios since the onboard
vision sensor requires a sufficiently illuminated environment and objects must be within
line-of-sight (a fundamental drawback that RFID technology was intended to eliminate in
the first place).

Choi and Lee (2009) propose to localise mobile robots in an indoor environment by
utilising ultrasonic sensors in combination with an onboard reader. Their localisation
approach has two stages. In the first stage, the global position of the mobile robot is
estimated through onboard reader localisation with respect to the neighbourhood passive
reference tags. The second stage uses ultrasonic sensors for local position estimates.
While their approach can yield higher accuracy, it is inherently not a pure RFID-based
method, but rather a sound-based approach and is thus highly limited by issues such as
environmental noise, line-of-sight, echoes, etc.

Héhnel et al. (2004) propose a laser range scanner combined with an RFID reader
onboard a mobile robot. The laser range scanner is used to learn a map comprised of
reference tags, which in turn is used to estimate the position and orientation of mobile
robots. However, this approach imposes line-of-sight constraints, and moreover tag
orientation issues degrade the detection probability of the reference tags, resulting in high
localisation errors in the 1 to 10 metres range. Han et al. (2007) propose a mobile object
localisation technique by using reference tags and onboard mobile readers. They show
that the particular spatial arrangement of tags affects the localisation error and propose a
triangular tag arrangement scheme to minimise it. Their approach yields an average
localisation error of 0.09 metres in a small test region of one metre square.
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Milella et al. (2009) utilise an onboard monocular camera, a reader and a tag bearing
estimation technique based on a ‘fuzzy inference system’ to localise mobile robots
to within an average error of 0.64 metres. Senta et al. (2007) present a mobile robot
localisation technique based on reference tags, onboard readers, and a support vector
machine (SVM)-based machine learning approach. This method yields localisation errors
of over 0.2 metres, and is limited by the tag spatial arrangement, measurement noise, and
tag-reader proximity. Seo and Lee (2008) describe a mobile object localisation system
that transmits an RFID signal from an onboard reader to the neighbourhood beacon,
which in return responds with an ultrasonic signal. The estimated distance is computed
based on the time difference between transmitted and received signals, with an average
localisation error in the range of 0.2 to 1.6 metres. Vorst et al. (2008) present a
mobile object localisation approach using reference tags, onboard readers, and a particle
filter-based technique. They compare prior-obtained training data with real-time RFID
measurements to yield an average localisation error in the range of 0.2 to 0.6 metres.

Currently, the effectiveness of several of the previous approaches is hindered by
reliance on line-of-sight techniques, combining multiple non-RFID (e.g. ultrasonic sensors,
cameras, lasers, etc.) and RFID components in an ad-hoc manner, large number of onboard
components, and high localisation delays (Chae and Han, 2005; Hahnel et al., 2004;
Choi and Lee, 2009; Milella et al., 2009). Moreover, some of the above methods are too
expensive or unwieldy due to the cost, size, and weight of the required infrastructure.
Finally, the above approaches ignore the key issue that the RFID equipment itself can
introduce significant amount of experimental errors. For example, previous works ignore
the fact that ‘identical’ tags can have widely varying detection sensitivities, which can
greatly affect the experimental outcomes (Chawla et al., 2010a; Chawla et al., 2010b).
Thus, instead of addressing and mitigating these basic principles (as we do in our
approach), previous research works resort to Herculean efforts in order to reduce the
errors on other fronts, while ignoring bigger error sources, resulting in a hodgepodge of
ad-hoc and sometimes ineffectual techniques.

3 Problem statement: object localisation using RFID

We address the problem of localising stationary and mobile objects by utilising ‘only’
RFID-based technology (as opposed to relying on non-RFID technology such as lasers,
ultrasonic sensors, cameras, etc.). In this section, we describe the underlying principles of
the proposed approach and the key performance parameters for optimisation. RFID-based
object localisation requires determining the positions of stationary and mobile objects
affixed with tags and/or readers. Radio signal properties such as power-distance
relationships can ascertain these locations. Theoretically, the radio wave’s power-distance
relationship can be characterised based on the Friis transmission equation as follows
(Finkenzeller, 2003):

P, 2 Y
R -GG | = 1
P T[47ZDJ M

Here, Py is the power transmitted by the reader, Py is the power received at the tag, Gp
and Gy are the respective antenna gains of the reader and the tag, A is the radio wave
wavelength, and D is the distance between the tag and reader. For a typical RFID system,
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