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ABSTRACT

This thesis investigates High Frequency Radio Frequency Identification (HF RFID)
based positioning using a novel concept of multi-loop bridge reader antenna to localise
moving objects such as autonomous wheelchairs in indoor environments. Typical HF
RFIDs operate at 13.56 MHz and employ passive tags which are excited by the
magnetic field radiated by the reader antenna. Positioning of moving objects using HF
RFID systems derive location information by averaging the coordinates of detected
passive floor tags by a portable reader antenna which are then recorded in the reader's
memory and database. To successfully detect floor tags, the reader’s antenna usually
installed at the base of a moving object needs to be parallel to the floor. The magnetic
field radiated by the HF RFID antenna is confined within its near field zone i.e., it is
confined to a very close proximity of the antenna. This property of HF RFID helps to
minimise interference to other appliances that may be present within the localisation
area. Thus, HF RFID based positioning offers great potential benefit in providing
location assistance in environments such as nursing homes, health care facilities,

hospitals etc.

However, despite the significant developments that have occurred in this field, there
still exist problems with positioning accuracies obtainable mainly due to the uncertainty
of the reader recognition area (RRA) of the reader antenna, which has not been fully
addressed in literature. This thesis aims to address this problem by proposing the
concept of multi-loop bridge reader antenna so that the reader recognition area is
divided into multiple sub zones and an error signal (bridge signal) in terms of the

position of the tag will be generated that helps to reduce the position uncertainty.

The thesis starts with an investigation of the methods for creating multiple zones of
RRA and the concept of bridge loop antenna from point of view of near magnetic fields.
Different types of loop antennas for employing at the reader are electromagnetically
analysed using both closed form solutions and numerical computations. The formation
of reader recognition area (RRA) from different arrangements of loop reader antennas is

also studied.

To ensure that proposed bridge antennas can perform in realistic, non-ideal indoor

environments where they are affected by proximity of metallic objects etc, we proposed



methods of improvement. Equivalent circuits that reduce the computational complexity
but can provide a broader understanding of the behaviour of bridge antennas have been
formulated. This has lead to investigation of methods to minimise and/or eliminate the

effect of metallic objects on the bridge signals.

Next, we investigate the applicability of the proposed bridge loop antenna for the
localisation and positioning of an autonomous wheel chair resulting in a realistic
implementation of HF RFID based positioning system. The system is then tested to
localise an autonomous wheelchair in an indoor environment using a grid of passive
floor tags. Novel algorithms are proposed to estimate the position and orientation of the
moving object using bridge signals generated by the bridge antenna coupled with the
available dynamic information of the wheelchair. A comparison of our experimental
results with the published results in the literature revealed significant improvements
achieved by our proposed methods over existing techniques for estimating both, the
orientation and position. Further, we demonstrate that the proposed technique obtains
accurate position and estimation using much lesser number of floor tags (increased
sparcity) than any of the currently published method, thus, contributing to simplified

and easily expandable tag infrastructure deployment.

We further extend the use of bridge loop antenna for situation when multiple tags
are detected using the method of load modulation of the tags. When multiple tags
present within the RRA of the bridge loop antenna, the resulting bridge signals
incorporate information from all of the detected tags thus making it difficult to locate
individual tags. To overcome this, we utilise states of the tag’s load modulation to
separate these bridge signals, which then allow us to utilise them to estimate
instantaneous position and orientation of the moving object. We performed analysis
using equivalent circuits, as well as computational electromagnetic modelling of
realistic antennas, which are then compared with experimental measurements carried on
prototype systems. The comparison showed good agreement which validate our

proposed method.

Thus, the thesis incorporate contributions on various aspects of bridge loop reader
antenna for HF RFID based positioning system. All full wave electromagnetic
computations and simulations were carried by using a well known antenna design

package “FEKO”. All the key analyses, equivalent circuits, antenna models and
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computational results for the proposed antennas and algorithms have been verified using
extensive experimental campaigns to demonstrate the practical usefulness of the
proposed methods. It is hoped that the findings in this thesis will result in newer

efficient positioning systems in future.
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Chapter 1

Introduction and Overview

1.1 The importance of indoor positioning and localisation
Indoor positioning and localisation is useful in many new applications, which bring
significant improvement to the quality of human life. The applications vary ranging
from positioning of tagged items in manufacturing, and warehouses production, to the
distribution and retailing, and more recently to the position and localisation to assist
people with special needs such as elderly, disabled, etc. [1-7]. In all these applications,
the key issue is to find the location and position of moving objects, vehicles or humans
in indoor environments. The moving vehicles may range from service robots,
autonomous vehicles such as wheelchairs, etc. Particularly for assisting and
rehabilitation, these systems can provide new hope to people with special needs by
allowing them to be independent in their day-to-day life activities. This area of study is
becoming popular recently, driven mainly by the increasing demand as a result of
increase in the number of elderly due to increased life expectancy worldwide as well as
the genuine urge to use new developments in technologies for helping disabled people.
The main driver behind these is the advancements in technologies such as in electronics,
wireless communication, power devices, digital control, etc., where many interesting
developments have occurred within the last decade. However, there are still many
challenges that are faced in the adaptation of the technology for particular situations,
which require further improvements. There is a large amount of published literature
available in this area and the main focus of many of these reported studies is to realise a
simple, cost effective and accurate indoor positioning and localisation system using

wireless technologies [8-13].

There are many methods of independently obtaining location or position of a
moving or static object. These can be classified by means of signal energy that is used

for the measurement of position. Among the commonly used methods of positioning
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and localisation include the use of mechanical rotation, ultrasound, radio frequency,
infra-red, visual light, etc. Each of these categories can be further broken down into
many sub categories depending on the methods of manipulating the signals that
correspond to position of an object. Each method can offer certain advantages compared
to the others and can suit certain applications better than the other. For use in assistive
devices such as autonomous vehicles or wheelchairs, it is always desired to have a
method that could offer a reasonable accuracy, reliable and easily operatable with low
cost. One of the promising options is the use of radiofrequency wireless signals that
employ electromagnetic waves. Generally a radio frequency (RF) based positioning
system can offer accurate and reliable positioning accuracy. However, there many of
radio frequency based positioning based positioning systems suffer from multipath
propagation and affected by interference. So there is a need to explore radio frequency
based technologies that do not suffer from multipath and can obtain the position

information accurately.

In the category of RF based techniques, several technologies exist such as cellular
communications, WLAN and WIFI (access points), Bluetooth, RFID, GPS, etc. GPS
has become quite popular for outdoor applications, but it however fails in highly built-
up areas or in indoor environments due to signal attenuation [14]. The RFID technology
has gained much momentum recently for localisation and tracking, and it uses various
frequency bands covering RF [15-17]. The low cost and ease of deployment is
particular attractive for the use of the RFID technology for localisation especially for
indoor environments. It has been reported that, the use of RFID technology can make
possible for effective management of healthcare by minimising the common errors that
can occur [7, 18, 19] which could save time, cost and resources. All these point towards

advantages of employing RFID technology for health related applications.

With these advantages in mind, we mainly aim to investigate the use of RFID
technology to obtain position information for locating and navigating autonomous
vehicles such as wheelchairs in built-up indoor environments. We further note that due
to its cost effectiveness and ease of system deployment, the RFID based localisation

system can also be extended for outdoor environments.
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1.2 Autonomous Wheelchair

Autonomous wheelchairs can offer a means to provide mobility to people with
special needs. There exist various types of wheelchair systems, such as i) TAO Aicle
Intelligent Wheelchair Robot [20], ii) the NavChair Assistive Wheelchair Navigation
System [21], iii) the Hephaestus Smart Wheelchair System [22], etc. Most of these
wheelchairs use multiple sensors to help localise themselves in various user
environments. A typical autonomous wheelchair equipped with multiple sensors is

illustrated in Figure 1-1.

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

Figure 1-1: Typical autonomous wheelchair [20]

Typically employed sensors for positioning of autonomous wheelchairs/vehicles
include GPS, Laser range sensor, visual camera, ultrasonic sensor, etc. Each of these
sensors has limitations meaning that they may not be able to perform in all user
environments. Recently, the use of RFID technology as means of obtaining position for
localisation and positioning of autonomous wheelchairs/vehicles have become popular
[12, 13, 20, 23-41]. The use of RFID helps to improve and overcome some of the
limitations of the existing sensors. For positioning moving vehicles, HF RFID based
systems offer advantageous solutions due to their relatively simple operation and lower

cost.
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1.3 RFID Technology

Radio frequency identification RFID is a non-contact type technology based on
principles of radar and wireless communication that uses electromagnetic waves to
transfer data from a reader to a tag. RFID system typically consist of two main parts: 1)
the transponder typically known as tag, and ii) the interrogator, also known as reader.
Usually, tags/transponders are attached/embedded to objects for the purpose of
identification and tracking, with reader/interrogator sends the probing signals. In
general, the transponder can be either active or passive. Active tags have their own
power source, while passive tags do not require their own power source, which derive
their excitation energy from the radiated/induced electromagnetic fields emanated from
the reader antenna. Hence, passive tags are more popular and lower in cost mainly
because no batteries are needed within the tags. Further, without the need of a battery,
passive tags can be made much more compact, thinner and flexible which contribute to

its durability, therefore they are used in various environments including as floor tags.

RFID technology can be categorised based on its frequency band of operation,
which are: i) Low frequency (LF) RFID, ii) High frequency (HF) RFID, iii) Ultra high
frequency (UHF) RFID, and iv) Ultra wideband (UWB) RFID. The frequency bands
that are typically used by RFID technology is illustrated in Figure 1-2.

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

Figure 1-2: Frequency bands for typical RFID [42]

At lower frequency bands, viz., LF and HF, inductive coupling method is typically

utilised as means of communication, while at higher frequency starting from UHF,
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radiative coupling is generally used. From the point of view of indoor localisation,
inductive coupling, especially for HF RFID, can offer relatively better localisation
accuracy achievable with much lower interference to the surrounding objects [43]. The
main reason is that, this technology uses magnetic field, which is confined to areas
closer to the reader antenna, and when a tag is placed within its close proximity to the
reader antenna, it gets detected. These aspects, along with simple methods to deploy and
operate as compared with other RFIDs, make HF RFID more popular for use in the
localisation of most autonomous moving vehicles/robots in indoor environments [8, 10-
13, 20, 23, 44]. In addition, HF RFID has also gone through many significant

technological improvements [45-50].

Working principle of a typical HF RFID system that uses inductive coupling can be

described by considering schematic diagram as shown below.

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

Figure 1-3: Inductive coupling with load modulation [51]

Inductive coupling in HF RFID system is similar to the magnetic field induction in a
transformer. Both the reader and tag antennas employ loop coil antennas which act
analogous to primary and secondary coils of a transformer respectively. Both the loop
antennas are tuned to resonate at the operating frequency of 13.56 MHz. When an
alternating current flows in the reader antenna, it induces magnetic field ‘H’, to the tag
antenna from which it receives signals. In other words, the tag receives energy from the
reader by means of transformer action and the magnetic energy gets attenuated quickly
as tag moves away from reader antenna. Message can be sent from the reader to the tag
by varying the magnitude of the current in the reader coil to correspond to the particular
message to be transferred. The message is relayed to the tags through the induced

magnetic field from the reader coil.
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The reader receives information from the tag by letting steady alternating current in
its coil so that steady alternating magnetic field is induced near its coil. When a tag is
coupled within this field, information can be transferred to the reader by varying the
impedance using tag’s load modulation in such a way that any slight variation occurring
in the net magnetic fields will then be relayed to the reader through the appropriate
changes in the induced current. The resulting changes in impedance due to switching
sequence in the tag’s load modulation is therefore detectable by the reader in the form
of variation of the induced current in its loop antenna. Hence, information can be
transferred from the tag by varying the switching sequence in the tag. This is how tag’s

load modulation works in the HF RFID[51].

Types of modulation techniques and protocols for sending and receiving
information, to and from a reader and a tag are generally specified by an international
standard. This is important to ensure that both readers and tags are compatible even if
they are manufactured by different manufacturers. Typical standards used for HF RFID
are 1SO14443 Type-A/Type-B and ISO15693 [31, 32] as indicated in the Figure 1-4.
The figure also indicates the key protocols as well as the illustration of the signals from

reader to tag, and from tag to reader.

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

Figure 1-4: Standards and the key protocols used with HF RFID [52]

In this thesis, we utilise the most commonly employed standard ISO15693.
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1.4 RFID for positioning

Traditional positioning methods use dead reckoning systems in which the
measurement data is obtained either from wheel encoders or inertial measurement units
[53, 54]. However, for moving objects, the dead reckoning technique accumulates errors
over the distance travelled which results in deterioration of the estimation of position
and orientation [55, 56]. Limitations of dead reckoning systems are typically
compensated by using information from additional sensors such as cameras, ultrasonic
sensors, lasers, etc. [23, 57, 58]. However, in some situations the deployment of sensors
can be constrained due to special requirements such as line of sight, higher illumination
levels etc., which may be difficult to ensure in all the user environments [59, 60]. In
addition, use of additional sensors may also lead to increases in the complexity of

positioning algorithms.

fi

— gm _

fi

=]

Processing Controller RFID Reader Reader A _t : Passive tags
eader Antenna
@FID Database VRN Y
YT Y
Carried by the vehicle/moving object Deploy as floor tags

(a)

THIESE FIGURES ARE EXCLUDED DUE TO COPY RIGHT

(b) (©)

Figure 1-5: HF RFID for positioning
(a) Key components of HF RFID system
(b) A vehicle carrying the reader moving on a floor tags [11]

(c) Reader recognition area on the floor tags [23]
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1.4.1 Why HF RFID?

The radio-frequency identification (RFID) technology can potentially offer simple,
cost-effective and reliable means for localisation, positioning and tracking of
autonomous moving vehicles such as wheelchairs, robots etc., [12, 26, 61-63]. Typical
RFID system for positioning of moving vehicles is illustrated in Figure 1-5. For such
applications, the HF RFID can offer relatively better accuracy due to utilisation of near
magnetic fields, which are confined to the close proximity of reader’s loop antenna, and
requires that tags be located in its close proximity. Since the fields are confined to
relatively smaller areas, less interference will caused to any other sensitive devices that
may be present in the user environments, thus making it suitable to be used in any
environment such as healthcare facilities, hospitals, nursing homes, etc. Also, since the
frequency used by HF RFID is only 13.56MHz, its signals can penetrate through
environments that can be highly humid, wet etc. [64, 65]. The above mentioned benefits

of HF RFID have led us to consider it for the applications considered in this thesis.

Key components of a typical HF RFID based system for positioning a moving object
is indicated in Figure 1-5. Such positioning system utilises tags placed on floors on
which the reader moves with its antenna usually fixed to the base of the moving object.
The area underneath the antenna having sufficient level of magnetic field to interrogate
tags is known as reader recognition area (RRA), marked with dotted circular line (see
Figure 1-5 (c)). The Processing Controller (PC) containing “RFID database” records the
information of all tags, and as soon as the tags fall within the reader recognition area, the
reader detects the tags and their positions are retrieved from the RFID database. The
Unknown position of the object is calculated with respect to the retrieved coordinates of

the detected tag(s).

1.5 Limitations of Existing Methods With HF RFID
Localisation

In spite of ample available research on the use of HF RFID for localisation of
autonomous moving vehicles, there however, are still some limitations that require
improvement. The main problem that remains fully unsolved is the uncertainty that

results in reader recognition area (RRA) [12, 13, 23]. Whenever a tag is present within
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RRA, the system cannot deduce the exact location of the detected tag, thus the position
estimation of the moving object has uncertainty as illustrated in Figure 1-6. Referring to
the Figure 1-6, the estimated position of the reader antenna can vary at an instant when it
detects tagA. Since the reader antenna is fixed to a moving object, the estimated
position of the object can also vary viz., either at P, Q, R, or S, thus contributing to the

positioning uncertainty.

Most of HF RFID based positioning system attempt to overcome this problem
through indirect methods, that is, either by increasing the tag density or the arrangement
of tags on the floor [11, 66-69], or utilisation of motion dynamics of a moving object
[11, 13, 25], use of multiple reader antennas with multiple readers [70], or use of
additional sensors [20, 23], etc. However, these indirect methods cannot fully reduce the

uncertainties.

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

Figure 1-6: Uncertainty in reader recognition area [12]

In view of the significance of HF RFID positioning system, in this thesis, we describe
methods to reduce uncertainty of reader recognition area by proposing a novel bridge
loop reader antenna. The proposed bridge reader antenna can generate a bridge potential
signal (also known as error signal) as a function of the position of the floor tags with
respect to the boundaries of its reader recognition area (RRA). Thus, the extra
information in the form of error signal helps to reduce uncertainty of reader recognition

area.
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1.6 Current Issues and challenges

1.6.1 Uncertainty within reader recognition area

The main issue associated with HF RFID based localisation is the uncertainty due to
reader recognition area (RRA). A thorough literature search shows that, methods to
overcome this limitation are not fully investigated. In this thesis, we investigate novel
approaches to directly overcome this limitation using the concept of bridge potential

signals.

1.6.2 High tag density

Use of higher tag density on the floors are typically employed to reduce position
uncertainty. However, increasing the tag density can increase the infrastructure cost etc.
This can be avoided if the system is capable of obtaining accurate position estimation
even with sparsely placed floor tags. In this thesis, we offer methods to obtain position
and orientation of objects with sparsely placed floor tags which require much lesser

number of tags and thus simplifying the infrastructure and installation.

1.6.3 Metallic environment

Reader antenna is placed at the base of a moving object to face the floor tags that are
typically installed on the floor. The presence of metallic objects from the structure of
the moving object as well as the metallic rods placed inside concrete floors etc may
potentially create interference to the performance of the induced magnetic fields from
the reader antenna. We investigate methods to minimise the effect of metallic objects on

bridge potential signal.

1.6.4 Localisation in the absence of RFID data

When RFID is used for localisation, the information from RFID reader [16, 17] is
crucial. This is obtained through reader(s)-tag interrogation. However, due to some
reasons at some locations when tags are not present the position and location of the
reader may be unknown. In such a scenario, other ways of obtaining position
information is required in order to keep track the object thus helps navigation. We will
investigate as to how the object dynamics can be obtained from readily available wheel
encoder that can be utilised along with recent RFID measurements to obtain position as

well as orientation of an autonomously moving object.
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1.6.5 Instantaneous position and orientation

In certain scenarios, it is important to obtain instantaneous position and orientation

that is derived solely from RFID information. We propose a technique based on tag’s

load modulation to achieve this.

1.7 Aims and Objectives:

The aim of this study is to develop methods of improving localisation in indoor

environments using HF RFID based system to localise and navigate autonomously

moving object such as an autonomous wheelchair etc in indoor environments. To

achieve this aim, we focus on the following objectives:

11

1ii.

1v.

Vi.

Investigate a novel technique to manipulate reader recognition are (RRA) of HF
RFID reader antenna to reduce uncertainty typically faced by HF RFID based

positioning system.

To investigate novel HF RFID reader antenna capable of providing signal
useful to improve the positioning accuracy with reduced floor tag density

leading to simple infrastructure.

To investigate techniques to increase reliability and minimise interference due to
proximity of metallic objects on the proposed reader antenna, so it can be useful

in any general indoor environments.

To develop positioning algorithm that utilises signal from the proposed reader

antenna, so that it improves the position and orientation estimations.

To further improve the positioning algorithm by using the states of tag’s load
modulation, to allow estimation of the instantaneous position and orientation of

a moving object.

Validate the proposed concepts, computational analyses, antenna models, and

algorithms through series of experimentations.
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1.8 Brief description of methodology

We propose methods of generating multiple RRA zones to reduce uncertainty on the
location of the detected tag with respect to the reader antenna. We achieve the RRA
separation by using the concept of bridge loop antenna that uses multiple loop antenna
elements arranged in such a way it can provide bridge potential (error signal) as the
function of tag position with respect to the antenna. Analysis due to interference of
metallic object is then performed to ensure the proposed concept of bridge antenna will
be able to perform within metallic environments making it more realistic. Equivalent
circuits are formulated to assist with analyses which then conformed by realistic
electromagnetic simulations and later, measurements made on designed prototypes. An
overall, practical HF RFID based positioning system is then described that uses novel
algorithms for the estimation of position and orientation of a moving vehicle. This
system and the algorithms are investigated using experimental prototype to localise an
autonomous wheelchair with sparsely placed floor tags. The performance of the
proposed system is compared with data derived from recent published literature. The
above system and the algorithm are further improved by investigating the use of tag’s
load modulation so that the system is able to provide instantaneous position information
when multiple tags are present. In addition, novel algorithms capable to estimate
position and orientation instantaneously solely with HF RFID data when multiple tags
are detected is proposed. All the proposed techniques are verified using measurements

from designed prototypes and full wave electromagnetic simulations.

1.9 Organisation of this thesis

This thesis presents techniques to improve indoor positioning and localisation using HF

RFID. This thesis is organised as follows:

Chapter 1: This chapter introduces motivations and briefly reviews the current
state of the art to highlight the potential gaps in knowledge, the associated problems
and the shortcomings in the current literature. It then lists the aims and objective of
this thesis, and then briefly describes the methodology and the organisation of this

thesis.
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Chapter2: The concept of bridge antenna is introduced in this chapter. This chapter
starts with defining the reader recognition area (RRA), and presents methods of
characterising it and then explains as to how uncertainty can be reduced through
manipulation of the RRA using the concept of bridge antenna. The rest of the
chapter then describes the design and the performance of various types of bridge
antennas. Measurements that are performed on a bridge antenna prototype are

reported to validate the predicted results.

Chapter3: This chapter first describes the effects of proximity of metallic objects
on the performance of the bridge antenna. To analyse the effects, approximate
equivalent circuits are introduced that can help with characterising the behaviour of
the bridge signals due to the interference from metallic objects. The analysis
initially uses simplified models, but later obtains accurate prediction using full
wave electromagnetic modelling. Methods to minimise the effects of the metallic
object interferences are then proposed. The proposed techniques are validated using

realistic electromagnetic simulation models as well as experiments on prototypes.

Chapter4: This chapter describes HF RFID based positioning system using the
proposed concept of bridge antenna. It proposes location and orientation algorithms
which use information from bridge antenna along with the available wheel encoder
from the vehicle. The algorithms are tested to localise an autonomous vehicle in
indoor environments. Performance for location and orientation estimations between
the systems using a conventional antenna and the one with a bridge antenna are
then compared. The performance comparisons over the existing methods reported

in recent literature are also included.

Chapter5: This chapter extends the propose HF RFID based positioning system to
effectively utilise the bridge signal when multi tags are detected. The equivalent
circuit proposed in chapter-3 is modified to analyse the effect of tag’s load
modulation. Technique to separate the bridge signal is then presented. Algorithm to
estimate position and orientation using the bridge signals from multiple tags are
then proposed. Experimentation is included to verify the techniques to separate the

bridge signal.

Chapter6: This chapter summarises the overall chapter, highlight the key

contributions, indicate the potential future research and then conclude the thesis




Chapter 1: Introduction and Overview 14
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Chapter 2

The Bridge Loop Reader Antenna for HF RFID

2.1 Introduction

Reader antenna acts like a transducer that converts electrical signals from the reader
into electromagnetic fields that are radiated into surrounding space so that passive tags
is energised to respond to the reader. In the case of HF RFID Reader, mostly loop
antennas are used. The loops radiate magnetic fields, which are usually confined to
areas close to the reader antennas. The region at which the level of magnetic fields
radiated by a reader antenna is sufficiently large to be able to energise tags located
within its proximity is denoted as the reader recognition area (RRA). The dimension of
the RRA depends directly on the strength of the near magnetic fields radiated by the
reader loop antenna, and the sensitivity of the tag. The use of conventional loop reader
antennas can only detect the presence of a tag which lies anywhere within the RRA. The
uncertainty may also increase with the increase size of RRA [8, 12, 13]. To overcome
this, denser tags are typically used [9, 11]. Other approaches such as the use of multiple
readers [70], additional sensors [23] and host of other alternatives [11-13, 71, 72] have
also been proposed. In this thesis, we propose a bridge signal concept using loop
antennas to overcome the uncertainties due to RRA. The proposed approach splits the
RRA into sub zones that are identifiable using the polarity of the bridge signal. The
location can be further refined by monitoring the changes within bridge signal which are

directly correlate-able to the change in the position of tag.

This chapter introduces the concept of the Bridge-loop antenna and derives all the
necessary design parameters under ideal environment. We start with an electromagnetic
modelling and simulation to investigate the behaviour of magnetic fields, RRA and
bridge potential and later validate them using experimental prototype of bridge
antennas. Later, many more simulation models and experimental prototypes of bridge

antennas are presented to parameterize their performance (i.e. magnetic fields and
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bridge signals). The advantages of the proposed method are highlighted. It will be
demonstrated that the proposed method is not only offering a novel way of improving
positioning accuracy, but also reduce the density of tags for indoor positioning system,

using HF RFID.

Our contributions in this chapter include: i.) Characterisation of different shapes
of loop antennas to investigate their corresponding RRAs so as to choose the
appropriate shape for current application; ii) Methods of selection of size and shape of
RRA depending on the desired level uncertainty allowable in any HF RFID based
positioning system; iii) Manipulation of RRA by establishing multiple zone RRAs to
further reducing uncertainties; iv) Introduce the concept of novel bridge antenna in
order to achieve multiple zone RRAs; v) Investigate the different types of bridge
antennas; and vi) Both simulation and experimental results are presented to validate and

demonstrate the usefulness of the proposed concepts.

This chapter is organised as follows: section 2.2 describes closed form expression
for magnetic fields induced from a reader loop antennas for the purpose of comparison
with simulation. In section 2.3 the definition and characterisation of RRAs for different
types of loop antennas are included, while section 2.4 presents methods to manipulate
the RRA to reduce uncertainties. The concept of bridge antenna is then introduced in the
section 2.5. and a practical version of bridge antenna is introduced. In section 2.6,
different types of bridge antennas are proposed whereas in section 2.7 simulation and
experimental setup are described to evaluate the performance of the proposed bridge
antennas. Results are then provided in section 2.8, and finally, in section 2.9 the work

presented in this chapter is summarised.

2.2 Magnetic fields of a loop antenna

Loop antenna is the basic antenna element of a reader antenna for HF RFID. All HF
frequencies loop antennas have many advantages over other types of antennas mainly
for application involving magnetic fields. Here we will examine magnetic fields
produced by a standard circular loop antenna at close-in distance. This is an essential
parameter that will be used to explain concepts and variables in the later sections, and

will also be utilised to validate the results obtained from electromagnetic simulations.
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Consider an electrically small metallic loop located using a standard coordinate
system as depicted in Figure 2-1. The source point and the field/observation point are
denoted using spherical coordinates as (r’ = a, 8" = /2, ¢’) and (r, 6, ¢) respectively.
We use prime to indicate parameters associated with the source point. The
circumference ‘S’ of the loop is considered to be smaller than one-tenth of wavelength
i.e. S <M10. Under such a condition, the current ‘I(¢)’ throughout the loop can be
considered constant [73]. We denote the constant current as Ip. The resulting magnetic
fields (H-fields) due to a constant current Ip flowing in such a loop are well known and
are derived elsewhere in the literatures [74, 75]. However, we briefly present the
analysis here mainly with an aim to obtain magnetic fields at distances very close to the

loop. The H-fields radiated by the loop anywhere can be written as [76],

Z Observation
4 (r, 0, )
0
""""""""""""" r
0’ =m/2 R
I :
a x. :
¢\ S
.................. X(: ‘S‘OUI'CC pOiIlt
X (0 (r'=a, =12, ©’)

Figure 2-1 Geometry of a loop antenna

H=jijxEEJo(r,r')J(r')dV'. 2.1)

Where ano(r,r') is the dyadic Green’s function [76, 77], and the term J(r’) is a
volumetric current density on the loop. Considering electrically small loop, thus
constant current (lo= Ip), and following the procedure described in [76], the magnetic
field produced by the loop can be derived using dyadic Green’s function in spherical

harmonics as

H; :ikoz—aloi(Zn—l)MP (cos 9)L " (kr) Jy (ko) (2.2a)
HS 2 de " kor | B (kya) j, (ko) |

n=l1
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The term A”(.) and j (.) in (2.2) are the spherical Hankel and spherical Bessel

functions of the first kind. The term P,(cos @) is the associated Legendre function. The

notation ‘>’ and ‘<’ in the above expressions represent the fields evaluated in the region
r > a, and r < a respectively. As for the region ‘r = a’, the fields are obtained through

interpolation using values near the region.

For r>>a, and considering observation along r with 8=0, and retaining only the first
term in the summation (2.2) i.e. n=1, it can be shown that the above formulas reduce to
the well known far field expression given below in (2.3). It demonstrates that the use of
the first term n=1 is sufficient enough when evaluating fields far away from the antenna
(r>>a) because of the contribution of higher order terms at this region is almost
negligible [78].

H>=mﬁo
TP

2.3)

The expressions in (2.2 a-c) are exact closed form solutions which are obtained
analytically. Closed form solutions are usually desirable for loops having regular shapes
viz., circular loops etc. For loops having arbitrary shapes, currents can be derived using
method of moments (MoM) [73]. MoM uses integral equation formulation of
Maxwell’s equations to obtain currents and fields of any antenna [73]. In view of this,
we use the commercially available MoM package “FEKO” [79, 80] to perform

numerical modelling and simulation of antennas and fields in this thesis [76, 81-83].
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Figure 2-2: The H-fields of the loop antenna over observation distance
(a) H, with@ = 0°, and (b) He with@ =90°

The magnetic fields are first computed using closed form expression of (2.2 a-b)
assuming lp=1Ampere are plotted in Figure 2-2 (a-b). For the sake of comparison, the
corresponding field components are also computed using FEKO and they are plotted in
the same figures. The close agreement between closed form results and FEKO results

serve to validate the computational results obtained by FEKO.

The results in Figure 2-2 (a-b) indicate that magnetic fields produced by a loop antenna
decay rapidly with distance. Results obtained using FEKO are in a good agreement with
exact results obtained using 2.2(a-b). The advantage of FEKO simulation tool is that it
allows arbitrary shaped loops as well as any scatterers and obstructions to be modelled
accurately for which deriving closed form expressions can be extremely difficult. Since
we have validated the FEKO results with closed form exact results, we will henceforth

use FEKO for the design and analyse loops of different shapes and sizes in this thesis.

2.3 Reader recognition area (RRA)

2.3.1 Definition

Reader recognition area (RRA) can be defined as the region within which the level of
magnetic fields produced by the reader antenna is sufficiently large to be able to
interrogate tags. To define RRA, let us assume that the tags are located on a floor whose
plane is parallel to the plane of the reader loop antenna as illustrated in Figure 2-3.
Under such conditions, the z-component of magnetic field (H,) radiated by the loop
significantly contributes to energise the floor tags. Generally, the tag antennas are much

smaller than the reader antenna. The reader recognition area (RRA) can be determined
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by examining the magnitude of H, throughout the plane where tags are located (tag
plane) to determine whether it is higher than a given threshold value usually specified

by the manufacturer of the floor tags.

Loop reader 7 ' HL
antenna A

Y
\A 4
Distance between C O — »X

antenna plane and tag
plane (AZ) Lo Tags located on the
e RRA : floor (the tag plane)

Figure 2-3: Illustration of RRA for typical HF RFID reader antenna

To understand how RRA is related to the parameter/geometry of the reader antenna, we
will examine the RRA using magnetic fields produced by a loop antenna as explained
previously in section 2.2. The expressions for magnetic fields given in (2.2 a-c) are
derived using spherical coordinates. The corresponding values of magnetic fields in
Cartesian coordinates can be obtained by using the following spherical to Cartesian

coordinate transformation:

A, sinfcos¢ cosfcos@ —sing|| A
A, |=|sinfsing cosfsing cos@ || A, 2.4)
A, cos@ —sin @ 0 A,
The Z-component of magnetic fields i.e. Hz is obtained by applying the above
transformation, given by
H,=H cos6—H,sin8, (2.5)
which helps to obtain, the magnetic fields induced on the tag plane. Assume that the
tag plane is located at a plane Scm below the plane of loop antenna. The H-field on this
plane along x-axis is computed using (2.5) and result is plotted in Figure 2-4 (a). We
have also obtained H, value using FEKO which is also included in the same figure

below.
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Figure 2-4: The Magnetic fields on the tag plane at z=5cm
(a) taken along x-axis, (b-1i to b-iii) overall plot corresponding to type of RRA.

Results in Figure 2-4 (a) highlight that the reader recognition area can be categorised
into three types: RRA-i; RRA-ii; and RRA-iii; and they are shown in Figure 2-4 (b-i to
b-iii). These variations in RRA occur due the different levels of tag sensitivities as well
as the magnetic fields produced by the reader antenna. In a normal operation, RRA-ii is
always desired because it is more stable and provides more consistent detection area.
This type of RRA can be typically achieved by adjusting the amount of input power to
the reader so that the appropriate amount of current is supplied to the radiating loop

reader antenna.

Comparison between results obtained using both FEKO and the closed form
expressions show good agreement, as can be observed in Figure 2-4 (a) which once
again clearly confirm the accuracies obtainable using FEKO simulations. This will
helps us justifying use of FEKO for computing the electromagnetic characteristics of

reader antennas in this thesis.

The separation distance between the plane of the tag and the plane of the reader

antenna may not always be fixed at a constant value. Therefore, it is important to
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examine RRA characteristics when the separation distance is varied. In Figure 2-5, the
plots of magnetic fields at different separation distances from the initial tag plane are
shown. Results for different dimensions of reader loop antennas (electrically small) are
also included in the plot. In this plot, the distances between reader antenna and tag plane

are varied within £20% of the initial reference distance, of heug plane = Scm.

50 At +20% hyag plane
45 - .
At -20% hlagfplane | y At heag_plane
4.0 R | v
3.5 4
3.0 - . e
2 Radius ‘@’ = 12cm
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Figure 2-5: Magnetic fields at different separation distances from the initial tag plane

From the results shown in Figure 2-5, it can be seen that even for a variation of
htag_plane distance within £20% of its reference value, the antenna is still able to produce
comparable reader recognition area, especially for the RRA-ii indicated in Figure 2-4 (b-
ii). The size of RRA of this type does not change significantly as can be seen from the
above plot. This characteristic is important to ensure that the region of tag detection and
its boundary are consistent. The pattern of RRA-ii holds irrespective of whether the size
of reader antenna is smaller or larger as shown in Figure 2-5. Another important
characteristic that can be deduced from this investigation is that, the size of RRA is
related to dimensions of the loop. If one desires to have larger RRA, a larger sized loop
needs to be considered and vice versa. However, one must ensure that the loop is still

can be considered electrically small that current along the loop to be almost constant.
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2.3.2 RRA for different loop geometries
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Figure 2-6: Computed magnetic fields and the RRAs for

(a) rectangular loop, and (b) triangular loop.

Results given in the previous section indicate that the size of RRA that is formed
closer to the loop reader antenna can be influenced by the geometry of the antenna. For
some applications with space constraints, reader antennas may have to be designed to
have non-circular shapes so as to fit it into a certain limited space. We consider the two
common shapes viz., i) rectangular and ii) triangular loops to investigate whether loop
shape at all influences the resulting RRA. To achieve this, we have used FEKO
simulations to compute magnetic fields for triangular and rectangular loops to obtain

their corresponding RRAS at hug plane=5cm which are shown in Figure 2-6.

The results in Figure 2-6 reaffirm that the preferred RRA-ii mode is consistently

produces recognition area that closely resembles the geometry of the radiating loop. For
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a given tag and reader, it is possible to obtain this RRA mode because the input current
fed to the loop can be easily adjusted at the reader. The adjustment need not to be too
accurate because once the tag threshold value is set closer to the central value of the H-
Field for RRA-ii range, any slight change does not significantly vary the size of the

RRA as is readily indicated in Figure 2-5.

To this point, we have established the RRA mode that is useful for use with
different loop antennas. Utilisation of this mode of RRA for applications and methods

of improvements will be highlighted in the next section.

2.4 Manipulation of RRA for positioning

2.4.1 Positioning Uncertainty due to the size of RRA

Typical HF RFID based positioning of a moving object utilising floor tags is
illustrated as in Figure 2-7. The object to be localised typically is equipped with a HF
RFID reader whose antenna is placed at the base of the moving object. Passive tags are
installed within the area to be localised and their positions are known. Whenever the
reader recognises the tag(s) that are located within its recognition area (RRA), the object
position can be estimated with respect to known tag position. Typically, position is
estimated either by averaging all the coordinates of the detected tag(s) or averaging of
minimum and maximum coordinates of the detected tag(s) [11, 23] when employing
conventional RFID reader antenna. Other methods such as nearest neighbour

approximation, probabilistic methods, etc. have also been proposed [71, 72].

A RFID reader recognition area (RRA)
Y on the floor plane Floor tags

ﬂ Wheelchair / :

Autonomous
o [¢]
Tag s&paration
‘d_tag

i Vehicl
o o °

(<] (<] (<] (<]
I. » X
»
Existing HF RFID Reader
Antenna

Figure 2-7: Positioning using HF RFID with floor tag
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The common limitation suffered by all these techniques is that their localisation
uncertainty depends on the density of the tags on the floor and the size of reader
recognition area (RRA). In general, larger reader recognition area allows lesser tag
density but the obtainable positioning accuracy may have to be compromised as
illustrated in Figure 2-8. In this figure, the maximum error due to a reader antenna that
has larger RRA (Error_B) is obviously higher than that of the smaller antenna having
smaller RRA (Error_A). However, the antenna with large RRA may allow tags to be
placed sparsely on the tag plane.

Small antenna with small RRA Larger antenna for larger RRA
- - p— - -
— //"'_'_'l--g-_;z__ﬂeader recognition area ———%» + yeadd
sEemmm oo 4 (RRA) o e

—p]—> e -

' ' < >

Dense tags Tags located on the ' Large tag grid separation '

floor or the tag plane (Sparser tags)

g

Error_A

Error_B

Error_B > Error_A e
|
RRA of a larger
antenna

RRA of a Emaller
antenna

Figure 2-8 Size of RRA and tag density

To overcome some of these problems, various methods have been proposed in the
literature. Han, et al. [11] used densely arranged triangular grid pattern of floor tag
arrangement and proposed orientation-estimation algorithm based on motion continuity.
Another method to obtain optimal recognition area for RFID based system is available
in [72]. Park and Hashimoto [12] initially used tag’s coordinates with trigonometric
functions to localise an autonomous mobile robot but later improved their system by

including the tag read time [13].

Methods of using additional sensors have also been proposed, for example, Choi, et
al. [23] employed nine units of ultrasonic sensors installed on the front side of a moving
object to improve localisation. For detecting tags, the recognition area of the reader
antenna plays an important role. Attempts to improve the read range of HF RFID
reader antenna have also been reported in [84, 85]. However, methods are required, that

can gainfully manipulate the recognition area of the reader antenna to improve
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positioning and localisation even when the tag grid separation is large. Such methods, to

the best of our knowledge, have not been attempted in the open literature.

2.4.2 Forming RRA with multiple zones to reduce uncertainty

To overcome localisation uncertainty, multiple-loop reader antenna can be employed
so that its recognition area can be bifurcated into multiple zones. Such multiple
recognition zones allow the system to have additional information to indicate as to
which of the zones (thus their corresponding loops) are closer to a detected tag(s)
thereby helping to improve positioning. This concept is intuitively illustrated in Figure

2-9 below. As can be seen, the magnitude of the error reduces when RRA has multiple

zones.
Conventional Antenna with Antenna with
Antenna, Single two sub zones four sub zones
zone RRA RRA RRA
___________ - z=z----RRAZ
— 3 ey T L > RRA1L 7
~" RRA 4 ~RRA1 4 gl -5 -
A ,E o L FE RS .~ _RRA3, 7RRA4-
a—_— —— _—_— e e a_— ——_—

U 1 g

Error_B Error C EFFOLH).(g)
RRA _n RRA1 |RRA2 §f RRA1 | RRAZ |

| | RRA3 | RRA4

Error_D < Error_C < Error_B

Figure 2-9 Effect of multiple zones to the positioning accuracy

In general, multiple recognition zones can be achieved either by connecting multiple
antennas to multiple readers, or alternatively using electronic switching techniques [51,
52]. The former approach requires more than one reader, which can be expensive and is
usually not desirable. The latter approach may degrade read performance due to losses
in switching. To overcome these problems, we propose a novel bridge-loop

configuration [86-89] to form multiple RRA zones.

Before we discuss on the concept of the bridge antenna it is important to first discuss
its key features, viz., i) Bifurcating of RRA into multiple zones using multiple loops,
and ii) Change in loop impedance due to proximity between reader antenna and tag

antennas. These two features will be discussed below.
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2.4.3 Arrangement of multiple loop antennas to bifurcate the RRA to form
multiple zones

RRA can be bifurcated into multiple zones by employing multiple loops antennas.
Two important requirements need to be ensured to gain advantages when employing
multiple loop antennas to obtain multiple RRA zones:

1) The loops and their excitation must be arranged in such a way, the resulting total
magnetic fields be along the same direction to add constructively to produce
magnetic fields comparable to a single loop antenna.

ii) A method to recognise as to under which of the zones, the detected tag is
located.

Consider that the floor tags are placed sparsely in a rectangular grid (see Figure 2-7)
which mean, at any instance of time, only one tag may be present within the RRA of the

reader loop antenna.

Let us first analyse as to how the above mentioned first requirement can be
achieved. Consider a single loop as well as two loop antennas having similar outer
dimensions as depicted in Figure 2-10 (a-b). The two loop antenna is arranged and
exited in such a way that at any instant of time, the currents can be considered
approximately constant and flow along all the edges of the antenna in a direction same
as the single loop antenna as illustrated in the Figure 2-10 (a-b). This configuration
allows the total net magnetic fields at the tag plane to be approximately equal to that of

a single loop antenna. Thus, they both produce a comparable RRA.

Figure 2-10: RRA of single loop and multi loops

As for the second requirement is concerned, the loop antenna must be able to
recognise the location of the tag with respect to the RRA. This can be obtained
depending on the method used to connect and energise the loop. For example, when

using multiple readers, the location of a tag can be recognised by examining data from
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both the readers. When switches are used with a single reader, the information from
switching controller and the reader have to be examined. This process of identification
can be performed by an algorithm that runs at the processing controller, which controls

the reader(s) and/or switches.

An alternative way of achieving the similar goal is by connecting the loops in a
serial fashion using a single reader. The proximity of the detected tag with respect to the
RRA of either the first loop or the second loop can be determined by examining the
potential difference at the two loops. This potential difference can be obtained by using
a differential circuit. This technique can be work well because the change in impedance
of the loops occurs due to the presence of a tag. This is a result of the magnetic field
coupling, which occurs between the tag and the reader loop. Thus, obtaining multiple

RRA zones using multiple loops can be made useful.

2.4.4 Effects of proximity between reader antenna and the tag

Interaction or coupling between a reader antenna and the tag modifies the
impedance of both the antennas [42, 51]. This property is important because it can be

utilised to identify the degree of proximity between the tag and the reader antenna.

Let us examine the changes in the impedance of a loop reader antenna due to the
presence of a tag placed at some close distance from it. We assume both the tag and the
reader antennas are placed on planes that are parallel to each other. The tag antenna is
usually four or five times smaller that of the conventional reader antenna and both the
antennas are assumed to be circular loops. This arrangement is illustrated within Figure
2-11. Using FEKO, we compute the current, magnetic field, and the resulting impedance
of the single loop reader antenna when a tag antenna is moved along a line that is
perpendicular to the centre of the reader antenna. The change of the impedance as a
function of the separation distance is plotted in Figure 2-11. The plot confirms that the
proximity of a tag influences the impedance of the reader antenna. This characteristic

can be utilised to recognise location of a tag with respect to the loop reader antenna.

Now let us arrange two loop elements to form dual loop reader antenna as
previously shown in Figure 2-10 (b). When a tag is present directly underneath any of

the loops, the impedance of both the loops will change, but the loop that is closer to the
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tag will experience different change from the one that is not closer to it. Thus, there will
be a potential difference between both the two loops. Interestingly, this potential
difference will change as a function of the location of the tag. By examining this
difference signal, the location of the tag can be determined whether it is underneath the
first loop or the second loop, in other words, whether the tag is within RRA1 or RRA2.

This is the basis in forming the proposed bridge antenna.
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Figure 2-11: Change of impedance over separation between the tag and the reader’s antenna

2.5 The concept of bridge-loop antenna

It is shown in the previous section that multiple RRA zones can be obtained by
connecting two loops in series and feeding them from a single reader. The two loops are
arranged so that their magnetic fields are induced over physically two different areas
and there is no intersection. The location of the detected tag can be identified by
examining the change in the impedance of the loops. However, the change in the
impedance cannot directly be obtained in practice easily. This problem can be overcome
by arranging all multiple loop antennas in a Wheatstone bridge configuration, which

will be discussed further below.
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2.5.1 Concept

A Bridge-loop antenna is an antenna that has multiple loop antenna elements
connected in a Wheatstone bridge configuration so as to produce magnetic fields in such
a way that two or more distinct recognition areas (RRAs) are formed. In general, its
working is similar to a conventional loop antenna, but has an additional feature in the
form of bridge potential signal, produced from the bridge circuit when a tag is present in
close proximity to any of the loop elements. This is possible due to the magnetic
coupling between the tag and the near by loop elements of the reader antenna which in
turn, creates an imbalance in the bridge to cause bridge potential signal to develop in the
bridge arms. This signal provides additional information to identify the location of the

tag with respect to the antenna and can be very useful for localisation applications.

The use of bridge antenna assumes the following:

i) The loop antenna elements are electrically small i.e. the total loop length ‘S’
between source terminals is much smaller to the wavelength ‘A’ of the
operational frequency (S<A/10). Therefore, the current in the loops can be
considered uniform to obtain constructive radiated magnetic fields at close
distance.

ii) Both the reader and tag antennas are assumed to resonate at the same operating
frequency. Whenever tags are present within the proximity of the bridge reader
antenna, coupling effects between the tag and the loops can cause changes in the
impedance of the loop elements.

With the above assumptions, it is possible to arrange multiple-loops in a bridge form,

which will be explained in the next section.

2.5.2 Working principles of a bridge-loop antenna

Working principle of a bridge-loop antenna is best explained by considering its
basic form, which employs a single bridge as illustrated in Figure 2-12 (a-b). The loop
elements of the antenna are configured in such a way that they represent the four arms
of the Wheatstone bridge with complex impedances Z,, (n = a, b, ¢, d..) as schematically
shown in Figure 2-12 (c), where Z, represents series resistive and inductive component

of n loop.
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Figure 2-12: Loop connections in a bridge form.

If a passive tag presents directly under one of the loops, then a change in impedance
(AZ) is created to cause an electric potential (Vp) to be developed at the bridge

terminals. The resulting potential is given by

Z tAZ Z tAZ
Vp=( > 4 ———d )V, V),

— 2.6
(Z,*AZ)+(Z,*AZ,)) (Z.tAZ)+(Z,+AZ,) (26)
The terms Z, and AZ, represent the initial impedances and their corresponding small
changes respectively. All these impedances are associated with the loop elements at

bridge arm-1 and bridge arm-2. The terms V. and V. are the potentials at the bridge

source terminals. These parameters are indicated in Figure 2-12 (c).

The first and the second terms of the impedance ration in (2.6) are the transfer functions
of arm-1 and arm-2. They can be represented by Hp; and Hp, where

— ZbiAZb
PUZ, 2 AZ)+(Z, £ AZ,)’

(2.7)
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o Z,+AZ,
P2Z +AZ)+(Z,+AZ,)
c— c d — d

(2.8)

Assume that all the elements of the bridge loops are identical where Z=Z,=Z,=Z.=Z,.

When a tag present within loop region-1, we have:

Z
H,=—, 2.9a
P27 +AZ (&52)
ZtAZ
and = 2.9b
7 27+Az (290)
On the other hand, when a tag present within loop region-2, we have:
ZtAZ
Hy=—, 2.10a
P 2z+AZ (10
and Hg, = _Zz (2.10b)
7227 +AZ '

Note that, the transfer function of bridge arm-1 (Hp;) and the transfer function of bridge
arm-2 (Hpr) can change with the location of the tag because the transfer functions

depend on the input impedance of the loop elements involved.

Consider an excitation in the form of a sinusoidal input of Vi, = A cos(ax+6) is
applied to the bridge, where ‘A’ is magnitude of the input signal, @ is the radial
frequency in rad/sec, and O is the phase shift in degree of the input signal. This
excitation represents a pure sinusoidal signal from a RFID reader under steady
continuous wave (CW) period which occur during initialisation stage of a reader-tag
interrogation [51]. Because the bridge signal is taken during a steady CW period, any

signal variation/distortion due to modulation will not affect the bridge signal.

The potentials at both the bridge arms can be obtained by considering magnitudes
and phases of the transfer functions of both the bridge arms and multiplying them with
the CW input signal as given by:

Vg =AlH g |cos(ax+g, ), (2.11)
and Vg = AlH g, lcos(at + ¢, ). (2.12)
The resulting bridge potential is:
V,=A(IH,, lcos(@n+g, )~1H,,lcos(@+g, )) (2.13)
These are some of the advantages of using the bridge configuration as compared to

serially connecting the loops. The bridge configuration reduces the effect of
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interferences and increase sensitivity [90] in the signal potential that helps to detect the
location of a tag as compared to the dual loop antenna discussed previously in section

2.4.

2.5.3 First experimental prototype: Bridge antenna version-1

Yg-axis

Figure 2-13: The first prototype of the bridge antenna

To quickly realise the feasibility of the concept of the bridge-loop antenna, we first
designed and fabricated a prototype, which we call bridge antenna version-1. The loops
of this version-1 bridge-loop antenna are arranged on a flat single layer substrate, the
feeding and terminals are located at the centre of the antenna. We utilise adhesive
copper tape to form the conducting loop elements in the prototype which is illustrated as
in Figure 2-13. A commercially available reader and a passive tag from Texas
Instruments are utilised in the experimentation. We have first modelled the
configuration using FEKO in which the power level for antenna excitation is set to be
similar to the one produced by the commercial reader, and the tag is modelled

electromagnetically using a geometry similar to the actual tag.

We determine the RRA of the antenna by comparing the measured results from
prototype version-1 and the computed results using FEKO. The magnetic fields along
Xp and Yp axes at a plane that is parallel to the plane of the reader antenna which lies
below the antenna at z=-6cm. We denote this plane as the “tag plane”. Both the

measured and the calculated results are shown in Figure 2-14.
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Figure 2-14: Magnetic fields, and RRA of the reader antenna

Experimental and measured results indicate that the level of magnetic fields induced
by the bridge antenna is sufficient to energise any standard HF RFID tag. The
comparison between measured and FEKO simulation results indicate a good agreement.
This provides additional confidence that the FEKO models can be employed to obtain

reliable prediction of the magnetic field performance of the bridge-loop antenna.

We therefore use the FEKO to calculate the overall magnetic field on the tag plane
to estimate the RRA of the antenna. The RRA type-ii as explained in the previous
section is considered here because of its stability and consistency. The magnetic field
threshold is chosen to be 223mA/m which is the typical value of magnetic field required
by the chosen tag as per manufacture’s specification [91]. The results of this simulation
is included in Figure 2-14 (b) which show agreement with our initial assumption that the

shape of the RRA-ii is similar to the outer dimensions of the antenna created it.

We also examine the variation of the magnitude of bridge signal Vp produced by the
antenna due to variation in the positions of the detected tag. For this, the tag is
positioned on a plane (tag plane) parallel to the plane of the antenna. Bridge signal is
computed and measured using the prototype when the tag moves crossing the Yp-axis
on the tag plane right below the loop antenna. Both the FEKO calculation and the

measured results are plotted in Figure 2-15 (a) for comparison.
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Figure 2-15: The variation of bridge signal Vg of the bridge antenna version-1

(a) along Y-axis, and (b) Surface plot to indicate the overall changes in the bridge signal

The comparison of the bridge signal Vp shows a very good agreement between
simulation and measured results. To evaluate the overall bridge signal pattern, we
compute the overall variation signal pattern when the tag is positioned in any location
within the tag plane. The result is shown in Figure 2-15 (b). Both the results in Figure
2-15 (a) and (b) indicate that the concept of the bridge potential from the bridge-loop
antenna can provide a means to find the position of the detected tag. This feature can be

utilised for positioning and localisation of a tag as well as the reader antenna itself.

2.6 Different Types of Bridge Loop antennas

The results shown in the previous section have motivated us to further investigate
the concept of bridge loop antenna. The loops used for the bridge antenna can be printed
on multiple layered substrates so that the magnetic field pattern and hence the RRA can
be further improved. Also, the shape of the loops can be modified to obtain additional
features for the bridge potential that can enhance the capability to localise a tag or the
reader. Further, a number of bridges can be added using extra loops to further
compartmentalise the RRA into smaller zones so that its ability to recognise the location
of a tag can be further enhanced. These attempts are described below. In general,
bridge-loop antennas can be classified depending on the number of bridges and the
shape of the loop elements. The following three types of bridge antennas are further
proposed and evaluated in this chapter:

i) Single-bridge with rectangular shaped loops antenna (SBRLA)
ii) Single-bridge with triangular shaped loops antenna (SBTLA)
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iii) Multiple-bridge with loop elements antenna (DBRLA), in which the shapes

of the loops can be either rectangular or triangular.

In this section, firstly we will analyse the above antennas using electromagnetic
analysis based on thin wire loop approximation. The overall current flowing in the loop,
and the resultant magnetic fields and the corresponding RRAs having multiple zones
will be described using the thin wire electromagnetic models of loop elements. We then
employ realistic models of the bridge antenna, which will be analysed using FEKO and
later used in experimental prototypes. The dimensions, the geometries, and the expected

RRA are indicated in the models.

We assume RRA type ‘ii’ (RRA-ii) for all the antennas. The RRA-ii is previously
defined in section 2.3. The RRA is considered to be formed on a plane that is parallel to
plane of the bridge loop antenna. The loop elements will be denoted by letters (a, b, c, d,
...) or by combination of capital letters with numbers (A1, A2, A3, ...). These notations
will be used: either to describe approximate models or to describe the arrangement of

the loops in realistic models especially when it involves multiple bridges.

2.6.1 Thin wire models of bridge antennas

Here we define thin wire as a conductor having radius much smaller than the wave
length, illustrated in Figure 2-20. Thin wire is used to represent the ideal case scenario
and also to facilitate in simplifying our explanations. It is therefore much convenient to
indicate the arrangement of the bridge-loop elements, the direction of current in the

loop, and the illustration of the radiated magnetic fields from the loop element.

2.6.1.1 Single-bridge-rectangular-loop antenna (SBRLA)

This bridge antenna includes a single bridge formed with rectangular loop elements.
The Figure 2-16 (a) indicates how thin wire loop elements are arranged and connected in
a bridge form. The excitation and bridge signal terminals are located at the centre of the

antenna.

This configuration allows current in the loops to flow in a direction so as to produce
constructive uniform magnetic fields for creating the overall RRA as illustrated in
Figure 2-16 (b). The overall dimensions of so formed RRA would be comparable to the

size of a single loop antenna.
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The overall RRA can be zoned into two smaller RRAs viz., RRA1 and RRA2. The
bridge signal will vary with the tag location with respect to RRA zones. The advantage
of smaller RRA zones is that it would help to reduce the uncertainty and errors in

positioning and localisation. These aspects will be further discussed in the coming

sections.
Loop-b, Z Loop-d, Zy
Loop-c, Z. Loop-a, Z,
el P A e
Vi SVt T < < jf/
v < -
.~ _RRAI __-""RRA2 .-~
(@) (b)

Figure 2-16: Schematic for Single-bridge-rectangular-loop reader antenna
a) Loop shape, and arrangement, (b) Direction of currents, magnetic fields and RRA zones of

the antenna.

2.6.1.2 Single-bridge-triangular-loop (SBTLA)

This antenna is quite similar to the previous antenna except that the shape of the
loop elements is triangular. Loop arrangement and their connections are shown in
Figure 2-17 (a), whereas the direction of the current flow in the loop as well as the

resulting magnetic field and the RAA are illustrated in Figure 2-17 (b).

Although, the loops are in triangular shaped, but when triangular loops are joined,
the outer boundary becomes rectangular and hence the overall RRA will be comparable
to that of rectangular shaped antennas as shown in Figure 2-17 (a). The two resultant
zoned RRAs of this antenna are triangular shaped (RRA1 and RRA2). Thus, this
antenna can provide unique pattern of the bridge signal when a tag moves across its
RRA zones at different point. In particular, this antenna can produce variations of the
bridge potential to correspond two directions (vertical and horizontal) with respect to
the placement of the tag. This aspect will be discussed further in section 4.2 in chapter-

4,
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Figure 2-17: Schematic of Single-bridge-triangular-loop reader antenna
(a) Loop shape, and arrangement, (b) Direction of currents, magnetic fields, and RRA zones of

the antenna.

2.6.1.3 Generalized form of bridge loop antenna (Multiple-bridge-rectangular-
loop)

The concept of bridge antenna can be extended to include multiple bridges so that
the overall RRA can be divided into many possible zones by increasing the number of
bridges. Figure 2-18 illustrates schematically the arrangement for N-bridges. The loops
in each bridge can have any shape but here we consider their shape to be rectangular so
that their performance can be compared and also the ease of fabricating on experimental
prototype. Loop arrangement for each bridge is illustrated in Figure 2-18 (a), which
shows that the connections can be repeated and rearranged appropriately to obtain the

desired RRA zones.

This type of bridge antenna is suitable if one desires to have much smaller sub zones
of RRA especially when the overall RRA is relatively large. To demonstrate the above
concept, we consider two bridges with rectangular shaped loop elements. We call this
antenna as dual-bridge-rectangular-loop antenna (DBRLA). Loop arrangement for each
bridge is quite similar to that of a single-bridge-rectangular-loop antenna as shown in
Figure 2-16. However, the loops for the second bridge (Bridge-B) may have to be
rearranged so that the centre line that divides the overall RRA of this bridge antenna is
orthogonal to its counterpart from the first bridge (Bridge-A) as illustrated in Figure
2-19 (b). The letters ‘A’ and ‘B’ are used to denote parameters associated with first

bridge (bridge-A) and second bridge (bridge-B) respectively.
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Figure 2-18: Schematic of Multiple-bridge-rectangular-loop antenna
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Figure 2-19: Schematic of dual dual-bridge-rectangular-loop antenna (DBRLA)
(a) Connections of the loop elements in dual bridges, (b) Formation of RRA of the antenna,

(c) Direction of currents, magnetic fields, and RRA of the antenna.

Letting the loop elements associated with each of the two bridges to overlap
orthogonally, would lead to four distinct regions of RRA as illustrated in Figure 2-19
(b). The direction of currents in the loops, the resulting magnetic fields, and the
resulting RRA is illustrated in Figure 2-19 (c). This arrangement demonstrates that the
concept of bridge antenna can be extended to make further splits of the overall RRA

into relatively smaller sub-zones. The creation of smaller sub zones of RRA further
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reduces positioning uncertainties and thus errors are minimised. This antenna then is
suitable for dividing a relatively large overall uniform RRA into smaller sub-zones,
which may have applications in the areas of smart table etc. Next, we will describe

realistic models of the above mentioned bridge loop reader antennas.

2.6.2 Realistic models for the bridge loop antennas

Instead of using thin wire models as explained in the previous section, we have
modelled metallic strips with finite thickness and width in FEKO so as to closely
simulate the conducting elements used for prototyping the bridge antennas. Conducting
strip is chosen because it is easier to fabricate loop elements on the surface of any thin
supporting substrates. Further, when we form loops on multiple layers, this approach
helps to minimise the overall thickness of the antenna. Compact bridge antenna is
desirable to ensure its physical structure does not interfere with the operational

environment of the device to which the antenna is attached.

Thin wire element and the metallic strip can be considered almost equivalent
electrically at the frequency of 13.56MHz, however when they are placed in multiple
layers, their impedance can be different. This is examined through FEKO simulations
considering the geometry in Figure 2-20 with (the length of both the conductors /conductor
= Im, the wire radius Rw = 2.4mm, and Strip width Rs = 4.8mm). FEKO results
presented in the Table 2-1 indicate that the impedances between the wire conductor and
the metallic strip are not similar especially under multiple layers substrate. Therefore,
when simulating the antenna in FEKO, it is important to use the conductor geometry
that is similar to the one used in prototyping the bridge antenna (which in this case is
metallic strip), so that performance of the actual bridge antennas can be closely

evaluated.

Another important aspect in the design of bridge antenna is that, it is important to
ensure that the loop elements at the bridge arms have the same impedance mainly to
ensure balancing the bridge and minimise the offset in the bridge signal Vp as indicated
in section 2.5.2. This can be achieved by ensuring identical dimensions for the loops
and utilise symmetrical arrangements. The physical geometries of realistic models for

bridge loop antennas are presented below.
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Table 2-1: Comparison between the inductance of thin wire and the inductance of strip

conductor
Type of Inductance at separation ‘d’
conductors d=100mm d=5mm
Thin Wire 1.7891 uH 0.58376 uH
Strip Wire 2.1133 uH 0.94662 uH
Difference 18% 62%

2.6.2.1 Loop arrangement for Single-bridge-rectangular-loop antenna (SBRLA)

In a single bridge loop antenna, four loops made of metallic strips are utilised to

represent the four arms. The upper left and the bottom right arms are combined to

produce constructive magnetic fields for the first RRA (RRA1), and similarly for the

second RRA (RRAZ2), which is created by the magnetic fields of other two loops of the

bridge. Each of the two loops has to be co-located or placed close together. One of the

best ways to achieve these is to stack the loops so that they are arranged in different

layers with air/substrate in between. Physical arrangement for realistic model of this

antenna is illustrated in Figure 2-21.
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Figure 2-21: Physical loop arrangement for realistic model of single-bridge-rectangular-loop
antenna

2.6.2.2 Loop arrangement for Single-bridge-triangular-loop antenna (SBTLA)

Triangular loop arrangement is quite similar to the rectangular one except that each
of the loops takes a triangular shape. The physical model of this antenna is shown as in

Figure 2-21.

Feeding&
Matching
circuit

(b) Bridge-A

Figure 2-22: Physical loop arrangement of single-bridge-triangular-loop antenna

2.6.2.3 Loop arrangement for Double-bridge-loop antenna (DBRLA)

This antenna can be considered as an extension of the SBRLA. It utilises two
bridges to create smaller RRA. The physical arrangement for the realistic model of this

antenna is illustrated in Figure 2-23.
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Figure 2-23: Physical loop arrangement of dual-bridge-rectangular-loop antenna
2.6.3 Realistic model parameters

We choose a common outer dimensions for all the antennas so that a proper

comparison can be made. Detailed dimensions of the antennas are tabulated in Table

2-2.
Table 2-2: Dimensions of the prototype antennas
Types* | Width (W) | Length (L) Track Width | Track Other

mm mm mm Clearance parameters

mm mm

SBRLA 320 230 4.8 1.2 -
SBTLA 320 230 4.8 1.2 h=3
DBRLA 320 230 4.8 1.2 h=3

* SBRLA: Single-bridge-rectangular-loop
SBTLA: Single-bridge-triangular-loop
DBRLA: Double-bridge-rectangular-loop

2.6.4 Impedance matching and quality factor

Proper impedance matching is necessary to maximise the magnetic field produced
by the antenna. This is achieved by making sure that the antenna resonates at the proper
operating frequency. One can employ any of the available methods of antenna tuning
and impedance matching [84, 85]. In this thesis, a method employing three-element

matching with series parallel configuration [84] is used as shown in Figure 2-24.
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Figure 2-24: Three-element matching

The chosen tuning approach provides flexibility for wide range of sources and it
allows quality factor ‘Q’ to be specified. Depending on the target application, ‘Q’
should be chosen to allow appropriate bandwidth required for modulation [84, 85]. The
modulation requirements for commercially available RFID system are in general
specified by ISO standards. For HF RFID that operates under vicinity-coupling (i.e.
range up to 1m) is covered by ISO15693 standard. The standards unify all the
requirements for RFID manufacturers so that RFID readers and tags are compatible
with one another. Thus, any standard reader can interrogate tags made by different
manufacturers. Our antenna is designed to be compatible with this widely used
standard, ISO15693. This standard specifies the modulation requirements for both,
down-link (i.e. from reader to tag) and up-link (i.e. from tag-to reader). Under this
standard, information from a tag to a reader is modulated using a sub carrier of 423 kHz
through either ASK or FSK. This may require a bandwidth of 2x423 kHz=846kHz [51,
92, 93]. On the other hand, the bandwidth requirement for modulating data from the
reader to the tag is much lower [92] that the minimum bandwidth for the system is
constrained by the tag modulation. For this reason, we will only consider the bandwidth

requirement by the modulation of the tag as specified by the standard.

Quality factor ‘Q’ of an antenna is related to the bandwidth ‘BW’ and the centre
frequency ‘fo’ by
QO=f,/BW, (2.14)

Using the bandwidth limit as specified by the standard which is about 846kHz, we
obtain the maximum allowable quality factor Q = 16. Use of a larger Q will give higher
level of magnetic fields but the bandwidth for modulation will be scarified and will
potentially degrade the performance of the RFID system [51]. The selection of Q is
therefore, has to be properly chosen to be within an appropriate range to balance

between the radiated magnetic fields and the bandwidth for modulation. In this thesis,
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the bridge antennas equipped with a standard reader is set to provide quality factor

within the rage of (8§< 0 <16).

Knowing the quality factor, we are now one step closer to obtain the matching
elements for the antenna. Consider the circuit in Figure 2-24, and assuming the loop
resistance is very low, the antenna can be considered to have a parallel resonance
configuration. The quality factor ‘Q’ of the antenna is therefore related with the parallel
resistance ‘Rp’ and the loop inductance ‘X;’ by

O=R,/X,. (2.15)
and hence ‘Rp’ can be calculated using the above equation. Next we can proceed to find

Cp and Cs . We use smith chart in Figure 2-25 to help with our explanation.

50 Ohm circle

Figure 2-25: Smith chart indicating the matching elements and the impedance lines for matching

the antenna using three-element match.

Referring to Figure 2-25, point-1 indicates the impedance of the antenna, point-2 is
the impedance point after the inclusion of the parallel capacitance ‘Cp’, and points-3
and 4 are the impedances after inclusion of ‘Rp’ and ‘Cs’ respectively. The value of Cp
is chosen so that the resulting impedance lie on the 50 Ohm circle when the antenna

connected to the parallel circuit components (Rp and Cp). Finally, Cs is chosen to bring
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the impedance closer to the purely resistive 50 Ohm point that is located at the centre of
the Smith chart. In other words, the impedance of C;s is chosen to be the conjugate of
impedance at Point-3. By putting these statements into mathematical expressions, we
can calculate Cp and Cs. We firstly calculate Cp using the parallel impedance

ZParaIlel = RP ” CP ” L

ant

LantRP
(2.16)

( joL,, ](RP-F — JC,,
aC,, JoL,. —jd/oC,)

To bring the parallel impedance Zparaer impedance on to the 50 Ohm circle in the Smith

chart, the real component of Z,44ies must equal to 50 Ohm, hence we can write

Re : Lo Re =50, (2.17)
(ijam‘ _]J(RP + . La-m jCP
wC, JjoL, — jd/oC,)
2
L2 Lam‘RP 1 — 50 ,
(R; + “1 N@L,, ~—)'C,
(wL,, — K)ZC,Z, r

P

solving for Cp, then we have
10L,, R2a” FN2\/-50L, R2’ + L} RAL'R’0°

C,=—m" 2.18
’ 10LR* 0" 19
Next, the Cs is calculated using the conjugate of the Zyaraie
wC; =—Im : LR, B , (2.19)
ijant - i RP + . a-m CP
wC, JoL, . —jl/eoC,)
solving for Cs in (2.19), we obtain the following expression
L,.R;
C, = IE st N . (2.20)
(R} + 0L, G,
(L, - w)z C; @Cs

P

The above procedures are employed when matching the proposed bridge antennas.
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2.7 Simulations and experimentations to evalutate the bridge

loop antennas

The aim of this section is to evaluate the performance of all the proposed bridge
loop antennas in term of their return loss, radiated magnetic fields and corresponding
bridge signals. Note that, our previous analysis on bridge antenna version-1 (in section
2.5.3) indicated that, FEKO calculation can provide accurate results that agree with the
measurements. In this section, we therefore, will firstly calculate the performance of the
proposed bridge antennas using FEKO, and later the measurement will be performed on
the prototype of a dual-bridge-rectangular-loop reader antenna (DBRL). This antenna is
chosen because it resembles a more general type of bridge antenna and further it is
relatively more complex as compared with other proposed bridge antennas (which are
single-bridge-rectangular-loop and single-bridge-triangular-loop reader antennas). Good
agreement for this antenna will firmly validate all of our FEKO realistic models, and
hence the corresponding results obtain from these models. Procedure and the main
components involved for simulation and measurement/experimentation are described

below.

2.7.1 Modelling using FEKO

To electromagnetically simulate the fields on realistic antenna models we utilise
FEKO which employs Method of moments as well as Finite element method [80]. This
tool allows computation to be performed effectively for any arbitrary loop geometries
even having complex feeding and structural arrangements. The following parameters
are obtained; i) return loss of the antenna, ii) the resulting magnetic fields, and iii) the
bridge signals that correspond to different positions of a tag relative to the RRA of the
antenna.  Detailed  modelling  procedure and  arrangement for  each

computation/simulation will be explained in section 2.7.3.

2.7.1.1 Passive tag Model

We aim to demonstrate the working of the proposed Bridge loop antennas using tags

that are commercially available. A tag from Texas Instrument (TI) RI-I03-114 is chosen
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in this study. A tag model similar to that of the original TI tag is created in FEKO. The

geometry of the tag for simulation is shown in Figure 2-26 below.

Figure 2-26: Model of TI tag employed in FEKO simulation

The typical required activation field strength for this tag is around 107 dBmA/m or
0.223A/m according to specification given by the tag’s manufacturer [91]. The tag
antenna is tuned so that it resonates at the HF RFID operating frequency of 13.56MHz.

2.7.2 Setup for Experimentations
2.7.2.1 Prototype of the antenna

Conventional Loop
Reader Antenna

Dual Bridge Rectangular
Loop Reader Antenna
(Loops TI.Bl‘idge—A)

LU T

o

Dual Bridge Rectangular
Loop Reader Antenna

ader 3 gt IIE_I.‘}.”' 5 ot

Loop Reader Antenna TTO0ps of Bridge-B)

Dual Bridge Rectangular

Figure 2-27: Prototype of bridge-loop reader antennas

Prototypes of some of the proposed antennas are fabricated for validation and they
will be used for experimentations that will be reported in the next chapters. A picture of

the prototype antennas are shown in Figure 2-27.
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In the figure, we also include a single loop conventional reader antenna that will be
used for comparison. Thin copper tapes are utilised in our prototypes to fabricate loop
antenna elements. The copper tapes are attached to the surface of a thin insulating
substrate material, which also functions to support the antenna elements. Feeding

points, and the bridge measurement terminals are located at the centre of the antennas.

2.7.2.2 Commercial reader and tag

We employ a standard, commercially available HF RFID reader “TRF7960’ and the
standard commercially available passive tags ‘RI-103-114" from Texas Instruments as
indicated in Figure 2-28 [91]. The tag contains an antenna as well as an integrated
circuit (IC). The chosen reader allows recognition of various types of tags using the
standard RFID protocols including (ISO/IEC 15693, ISO 14443, and ISO/IEC 18000).
The reader is equipped with anti-collision algorithms to allow detection of multiple tags.
The maximum output power from this reader is 200mW. We replace the standard

antenna of the reader with our proposed bridge loop antenna.

g |

==

(b)

Figure 2-28: The HF RFID reader, and the Passive HF RFID tag

The specification of the tag is shown in the table below.

Table 2-3 Specifications of the tag*

PART NUMBER
Supported standard RI-103-114A-S1
Recommended operating frequency ISO/IEC 15693-2, -3; ISO/IEC 18000-3
13.56 MHz
13.56 MHz * 200kHz (Includes frequency offset to
Passive resonance frequency (at 25°C) compensate further integration into paper or PVC
lamination)
Typical required activation field strength to read (at 25°C) 107 dBuA/m
Typical required activation field strength to write (at 25°C) 117 dbuA/m

* The information is obtained from[91].
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2.7.3 Evalution of the performance of the bridge antennas
This section describes procedure to obtain the following bridge antenna parameters:
1. Return loss (S11),
ii. Magnetic fields at the tag plane (H;), and the RRA,
iii. Bridge signal.
The following subsections detailed out how the parameters are computed and measured.

The realistic antenna models as described in the section 2.6.2 are utilised.

2.7.3.1 Return loss in dB (S11)

The FEKO is used to compute the return loss by computing the scattering parameter
S11 of the proposed bridge antennas. For the experimentation, a vector network
analyser (VNA) from Agilent Technologies (ES071C) is utilised. The calibration of
VNA is done using the calibration standards provided by Agilent.

2.7.3.2 Magnetic fields at the tag plane (H, A/m)

The purpose of this measurement is to obtain the profile and the level of magnetic
fields of the bridge antennas. An input power of 200mW is applied which is similar to
the power produced by typical HF RFID. The frequency is set to be 13.56MHz. We
assume that the antenna is positioned at the centre of the x-y plane. Also, we assume
that the tag plane is located parallel to the antenna plane and separated from each other
by a distance of around 5-6cm. Because the tag and the antenna plane are parallel, the
effective magnetic field that will be received by tags that are located in the direction
normal to the plane, which in this case is the z-direction. Therefore, we will only
consider this effective magnetic field component (H.). We utilise a Digital oscilloscope
(DSO-X 2004 A) along with a near field probe to measure the near magnetic fields. The
measurement setup and key observation points for the magnetic fields are indicated in

Figure 2-29 and Figure 2-30 respectively.
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Figure 2-29 Measurement setup for measurements of magnetic fields and bridge signals
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Figure 2-30 Magnetic fields along x and y axes

2.7.3.3 Computation and measurement of Bridge signals

Bridge signals are computed by first computing current induced on the antenna
elements using FEKO. The bridge signals are obtained by incorporating resistive
lumped circuit elements at every bridge terminal of the bridge antennas. The resistance
is chosen to be much larger than the input impedance of the loop so as to minimise any
unwanted effects on the operation of the antenna elements. In simulation, the bridge
signal is obtained by calculating the line/segment current that passes through the
resistive lumped element using FEKO, and multiplying it with the resistance of the

lumped element.
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As for the measurement is concerned, a Digital oscilloscope (DSO-X 2004A) is
utilised to measure the voltage across the lumped circuit element that was initially
soldered at the bridge terminals. Measurement setup to measure bridge signal is similar
as the setup shown in Figure 2-29, however, the probe is replaced by a passive tag, and
channel3 and channel4 are utilised to obtain bridge signal. We use the actual passive tag
and its model as indicated in Figure 2-28 (b) and Figure 2-26 respectively for
measurements and FEKO simulations. To obtain variation in bridge signal as the
function of tag position, the tag has been moved to different positions for every bridge
measurement. To simulate the tag movement, we integrate the Matlab and FEKO
packages to automatically achieve the changes in the tag position. The path along which

the tag has been moved in simulation and measurement is illustrated in Figure 2-30.

2.8 Results

The results on return loss (S11 dB), near fields (H, A/m), and the bridge signals (Vp
volt) for all the proposed antennas are presented in here. We verify the computed
results, by performing a comparison with measured results obtained from dual-bridge-
rectangular-loop reader antenna (DBRLA). This particular antenna is chosen as it
represents a more general form of multiple bridge loop antennas, and if the results agree
with this antenna, it will also validate other proposed bridge antennas, which have

simpler bridge configurations.

2.8.1 Return loss (S11)

The results in Figure 2-19 show the return loss (S11) in dB for all the three bridge
antennas. The results indicate that all the proposed antennas resonate at the HF RFID
reader operating frequency (13.56MHz). The comparison between measured and the
computed results from the multi-bridge-rectangular-loop antenna indicates good

agreement.
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Figure 2-31: Return loss of the bridge-loop reader antennas
(a) Single-bridge-rectangular-loop, (b) Single-bridge-triangular-loop, and (c) Dual-bridge-

rectangular-loop

2.8.2 Antenna performance (H-fields)

Results in Figure 2-32(a-c) shows the magnetic fields (H, component) produced by
the proposed bridge-loop antennas on x-y plane at z=-5cm. The levels of magnetic
fields at positions projected below the antenna (i.e. at x-y plane with z=-5cm) are
sufficiently large to interrogate the chosen tag (H, > 223mA/m). The magnetic fields
along x and y axes provide information about the size of recognition area of the reader’s

antenna.

In Figure 2-32 (c-i), the comparison between computed and measured magnetic
fields from the dual-bridge-rectangular-loop reader antenna shows a close agreement,

which reaffirm the accuracy of our models used in FEKO.

The RRAs for all the proposed antennas obtained using realistic models in FEKO
are indicated on the right side in Figure 2-32(a-c). For comparison, we also include the
computed RRA from a conventional single loop reader antenna having the same outer

dimension as that of the proposed bridge reader antennas.
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Figure 2-32: The induced H-fields and the RRAs
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Another important parameters viz., the boundary of RRA on which the field is
sufficient enough to detect a tag is highlighted with dark line on each figure. It can be
seen that the RRAs of the proposed bridge antennas are comparable to that of the
conventional reader antenna. It can also be observed from the figure that the shape of
the RRA is approximately equal to the shape of the outer boundary of the reader
antenna, which validates our earlier approximation. The shape of the RRA will be

utilised in later chapters while describing the proposed localisation algorithms.

2.8.3 Antenna performance (Bridge signals)
Results in Figure 2-33, show the variation of the bridge signals (Vg) when a passive
tag is positioned at different points on the tag plane located underneath the bridge

antennas. Separation between the tag plane and the reader antenna plane is kept at Scm.

In Figure 2-33 (c-(i-iv)), the comparison between computed and measured bridge
signals from the dual-bridge-rectangular-loop reader antenna shows a close agreement,
which reaffirm the accuracy of our models used in FEKO to predict the bridge signal.
Results from other bridge antennas indicate similar variations as the tag is moved at

different location with respect to the RRAs of the antennas.

The polarity of the bridge signal indicates as to which loop is closer to the tag.
Using the magnitude of the bridge signal can be further refined the information of the
location of the tag. The shape of the bridge loop element plays an important role as it
influences the behaviour of the bridge signal. Referring to Figure 2-33 (a) and (b), the
bridge signal from the rectangular shaped loop does not have much variation when the
tag is moving along x-axis direction, however the bridge signal from the triangular
shaped loop shows distinct variation when the tag is moving either along x or y axis.
This characteristic can offer additional advantages when a loop element with triangular

shape is used which will be explained in the later chapters.

The above results confirm that the proposed bridge antennas are able to produce
useful bridge potential (V) when a typical tag is detected within its interrogation (RRA)

zone.
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2.9 Summary

The concept of reader recognition area (RRA) and techniques to manipulate it are
discussed in this chapter. A novel bridge loop antenna for HF RFID reader is introduced
for manipulating the RRA. Different types of bridge reader antennas are described in
term of their design and performance. Realistic electromagnetic simulation models of the
proposed antennas are presented along with their fabricated prototypes. The proposed
method will be able to bifurcate the RRA into multiple zones for localising the tag
without the need of multiple readers or switches. The proposed system can offer cost-

effective solution for localisation and eliminates the need for a dense grid of floor tags.
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Chapter 3

Effect of Metallic Environments on the Placement of
Bridge Loop Antennas

3.1 Introduction

In the previous chapter, the design and the characteristics of Bridge loop antennas
under ideal scenarios were presented. However, for use in realistic environments, the
RFID reader may have to be operated closer to metallic structures and objects. In such
environments, due to the metallic objects, the induced magnetic field provided by the
reader antenna gets distorted. This in turn can generate unintended bridge potential
signal and cause errors in position estimation if bridge potential signal are used directly.

In general, proximity of metallic objects near to an antenna may degrade its
performance [94-97]. For a bridge antenna, the metallic objects may also disrupt with
the bridge signal (Vp) which may cause errors in position estimation. It is therefore
important to characterise this effect so that methods of improvement can be identified.
We consider a scenario where the bridge reader antenna is to be used to localise an
autonomous wheelchair in indoor environments that have concrete floors. Therefore the
bridge signals of the antenna will be interfered by metallic objects due to: 1) the metallic
structure of the wheelchair at the base of which the reader antenna is installed, and ii)
the embedded metallic rods inside the concrete floors and in addition any other metallic

object located on the floor plane, closer to the reader antenna.

In this chapter, we will first focus on the characterising the bridge signal due to the
proximity effects of metallic objects. For the sake of simplicity, we consider firstly
effects due to large metal plate. Appropriate approximations along with equivalent
circuits are introduced to help with the analysis in minimising the effect of metallic
objects. Techniques of improvement obtained form the above analysis will then be
verified using FEKO simulations along with some experimentation. To simplify the

discussion, we will focus our investigations on the single-bridge-triangular-loop
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antenna. The outcomes from this analysis and would be applicable to all other HF

RFID bridge reader antennas since they are based on the same concept.

Our contribution in this chapter include: i) classifying the effects of metallic
objects to investigate their impact on to the performance of the bridge antenna, ii)
formulate equivalent circuits to systematically characterise effects on the bridge signals,
iii) propose methods to minimise the effect of metallic objects on bridge signal, and iv)
validate the proposed methods through realistic simulations and experimentations with

prototype of bridge reader antenna.

This chapter is organised as follows: in section 3.2, types of metallic objects and
their effects to the performance of a bridge reader antenna are classified. Section 3.3
introduces equivalent circuits to characterise the bridge signals for bridge loop reader
antennas. Methods to minimise the effect of metallic object are proposed in section 3.4.
Analysis and experimentations using realistic antenna prototype are presented in
Section 3.5 to evaluate and verify the proposed methods. Various aspects for improving
and minimising the effects of metallic objects on the level of magnetic field radiated are

included in section 3.6. Finally, summary of the chapter is given in section 3.7.

3.2 Classification of metallic objects and their effect
The proposed bridge antenna can be used to localise tagged objects or to localise an
object carrying the antenna. The environments at which the antenna is used in general
can be cluttered and surrounded by metallic objects. Only metallic objects that are
relatively close to the antenna will cause interference with the operation of the antenna
due to the induced magnetic field that is confined to regions closer to the antenna. From
the antenna point of view, these metallic objects can be grouped into two categories:
i) Objects relatively fixed compared to the antenna (Fixed metallic objects)
ii) Objects that are present near to antenna as it moves (Randomly present

metallic objects)

The examples of the first category include the metallic objects that are fixed to a
structure to which the antenna is also attached. The second category depends on the
indoor environments in which the antenna is operating. For example, a moving object
may carry the antenna, and while on the move, the antenna may encounter metallic

objects that may be present within the vicinity of the antenna along its travelling path.
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In applications requiring the localisation of a moving object such as an autonomous
wheelchair, the reader antenna is typically mounted at the base of the moving object so
that the reader can detect the floor tags and then, that information is used to estimate the
position. While carrying this process, the reader antenna can encounter either or both
the metallic structure at the base of the moving object as well as the metallic structure
that lie underneath or within the concrete floor which may be present randomly near to
the reader antenna when the antenna is let to move on the floor. Both can cause

disruption to the reader antenna operation.

3.2.1 Problems

It is generally known that proximity of metallic objects to any antenna affects the
current flowing in the antenna, thus affecting performance of antennas. As far as the
bridge antenna is concerned, the proximity to large metallic objects can potentially alter

the bridge potential signal which may cause errors in localisation.

To investigate the effect of metallic objects on the bridge potential signal, we
simulate two scenarios considering both the categories of metallic objects. In the
simulation, the model of realistic bridge antenna and the tag as described in the previous
chapter are utilised as well as the realistic geometry of the metallic object under
consideration. Using the FEKO simulation tool, we estimate the resulting magnetic
fields and the bride signals produced by the antenna. The simulation models for the first

and second scenarios are described below.

3.2.2 Fixed metallic objects

Here, our aim is to investigate a localisation scenario where mainly to characterise
the effects of the structure of the autonomous vehicle that carries reader antenna. The
metallic structure of an autonomous vehicle is depicted in Figure 3-1. To simulate the
effects of these metallic objects, we first consider the metallic structures that are located
near to the reader antenna as illustrated in Figure 3-2. A single-bridge-triangular-loop
reader antenna is positioned at the base of the moving object. The metallic structures
can be considered to be fixed with respect to the position of the antenna. As depicted in

the Figure 3-2, a metallic block is also included to consider a scenario in which the
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overall metallic structure becomes unsymmetrical. Such an unsymmetrical metallic

structure can potentially create an offset to the bridge signal.

The proposed reader Antenna The proposed reader Antenna

Metallic structure of the wheelchair near its base where the reader antenna is installed

Figure 3-1: Metallic structure on the autonomous wheelchair
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Figure 3-2: Electromagnetic (FEKO) model of fixed metallic objects near a bridge antenna
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3.2.3 Randomly present metallic objects

When an autonomous moving object carrying reader moves along a concrete floor
inside a multistorey building, the metallic bars that are present inside the concrete
flooring can cause interference. The typical metallic structure in concrete flooring is

illustrated in Figure 3-2.

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

Figure 3-3: Typical metallic structures present within floor concrete [98]

Moving
~_-directions

Figure 3-4: Electromagnetic model used for modelling randomly present metallic objects near a
bridge antenna

To investigate the scenario due to metallic objects/structure that may present on the
floor near to the reader antenna (randomly present metallic objects), the above model is
modified by including metallic bars positioned underneath the floor. These bars

represent the second category of metallic objects as explained earlier. The model is
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shown in Figure 3-4. Other metallic objects/structures due to cabinet, partitions, etc. are
not included as these objects usually placed at distances relatively far from the antenna

hence their influence to the antenna can be assumed to be very small.

3.2.4 H-field and bridge signal under metallic environments

The near magnetic fields and bridge signals under the metallic environments as
described above are computed using FEKO. In the model, the antenna is excited similar
to the one described in the previous chapter with an input power of 200mW. The
resulting magnetic fields on the tag plane (defined by x and y axes) are shown in the

Figure 3-5 (a), and the resulting bridge signals are shown in Figure 3-5 (b).

When randomly present metallic objects are involved, the level of magnetic fields
produced by the bridge reader antenna when it is not moving as shown in the Figure
3-3, can be considered to be the worse case scenario. In this state, we assume that
metallic object is located directly underneath the antenna, making it the worse case
scenario. Since their presence is random, it is fair to assume that in all the other

scenarios, they may not be located directly under the antenna.
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Figure 3-5: Influence of proximity of metallic object to the bridge reader antenna
(a) Magnetic fields when antenna operating near to metallic objects
(b) Bridge signal when it moves over one of the metallic bars underneath the floor (worse case

scenario)

The magnitude of the induced magnetic fields is in general, reduced due to presence

of both the fixed and randomly located metallic objects. The fixed metallic structures
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cause constant reduction on magnetic field, for the randomly present metallic objects,
the magnetic field amplitude diminishes only when the antenna passes over them. This
is due to the fact that, the close proximity of metallic object to an antenna changes the
antenna impedance that causes less power to be delivered thus reducing the level of

magnetic fields.

As for the variation of bridge signal is concerned, the fixed metallic objects create
an offset to the bridge signal, whereas a randomly present metallic object makes the
bridge signal change even without the detection of any tag thus causing undesired
positioning errors and confusion. The reason for this is that the operation of the bridge
depends on the changes in the antenna impedance. When unsymmetrical metallic object
is present in close proximity to the bridge antenna, the impedance in all the loops
(which form the bridge) will be modified resulting in generation of distorted bridge

signal as shown in the Figure 3-5(b).

The above results indicate that the presence of metallic objects in the proximity of
bridge loop reader antenna reduces magnetic fields induced in the tag plane and can
distort the bridge signal. Also, the reduction in the magnetic fields can reduce the ability
of the reader to detect floor tags. The distortion caused to the bridge signal will result in
errors to the estimation of tag’s position. In the next section, we will analyse the cause

of this problem and investigate methods to minimise and eliminate them.

3.3 Impedance variation of reader loop antenna using
equivalent circuits

To simplify analysis and understand how a metallic object affects the magnetic
fields thereby distorting the bridge signal, we will first examine the impedance
characteristics of a single loop antenna, which we will denotes as the reader loop, and
can be regarded as one of the loop elements in a bridge reader antenna. Factors
contributing to the changes in the impedance of the reader loop can be categorised into
three aspects: i) the proximity of a tag; ii) the proximity of a metallic object, and iii)
proximity of both the tag and the metallic object. The change in the reader loop
impedance is examined for all the three categories by considering the arrangements as

illustrated in Figure 3-6.
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Figure 3-6: Changes to the impedance of a loop antenna

To investigate the effect, firstly the distance A, is incrementally varied along a line
that is centred and perpendicular to the plane of the reader loop. Since we are dealing
with near magnetic fields, the magnetically coupled equivalent circuits can help to
derive expressions for the changes in the reader loop impedance for all the three cases.
This will help to identify methods to minimise the effect of metallic objects which will
then lead to improvements in the performance of the bridge antenna for localisation and
positioning. Note that, at this stage we limit our equivalent circuit analysis for these
metallic objects that can be approximate using a large metallic plate, mainly to simplify
our analysis. It will be shown in the later sections that the proposed methods of
improvement that will result as an outcome of our approximated equivalent circuits can
be applicable to various forms of realistic metallic objects that are either not necessarily

large or not be located on the plane parallel to the reader antenna.

3.3.1 Equivalent circuit

Magnetically coupled equivalent circuit is typically employed to investigate the
operational performance of loop antennas [50, 99]. We extend the technique with
appropriate modifications to investigate the changes in the reader loop impedance for

the three scenarios shown in Figure 3-6.

Also, to simplify the problem, the following assumptions are made so as to ensure
that the equivalent circuits closely represent the scenarios considered here. Firstly, the
diameter of tag’s antenna, which is also another loop antenna, is much smaller than that
of the reader loop antenna. Secondly, the surface area of the metallic object (a large

metallic plate is considered here) is assumed to be much larger than that of the area of
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the reader loop antenna. Thirdly, the planes containing the reader loop, tag loop, and the
metallic plate are all parallel to each other and their centres are aligned as illustrated in
Figure 3-6. Since we assume large metallic plate, we can utilise the method of images to
simplify the analysis. All the three equivalent circuits and the resulting expressions for

the variation in the reader loop impedance are described in the following sub sections.

3.3.1.1 Proximity of a tag to a reader antenna

Here we will look at the influence of reader-tag proximity to the impedance of the
reader loop. Let us examine the equivalent circuit representing the elements associated
with the reader and a tag loop antennas as shown in Figure 3-7. The terms Ri, Ro, L,
and L» represent resistance and inductance of the reader and tag antennas respectively.
Other circuit elements with subscript ‘p” and ‘s’ represent components for impedance
matching networks. The subscripts ‘1’ and ‘2’ denote elements associated with the
reader and tag respectively. The reader is excited by a source Vo that has source

impedance Ro. The load at the tag antenna Ry represents the impedance of the tag’s IC.
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Figure 3-7: Equivalent circuit for reader-tag mutual inductance

Referring to Figure 3-7, the flow of current /; in the reader antenna creates a varying
magnetic field near to the reader loop. Placing the tag closer to the reader loop will
energise the tag circuitry through the induction of current /> in the tag’s loop antenna.
This current I> will produce magnetic fields that oppose the initial fields by means of

magnetic mutual inductance due to Lenz’s law [100].

An imaginary impedance ‘jwM’ with the current /> can be introduced within the
reader antenna equivalent circuit to represent potential ‘Uy;’ due to mutual inductance
effect [51, 99]. Similarly, in the equivalent circuit of the tag antenna, the potential due

to coupling is represented as Upp.
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Since the potential UM is the function of I, it implies that Um is the function of
circuit parameters of the tag antenna. To clarify this, we extract some of the useful
expressions from the above equivalent circuit. At points ‘a’ and ‘b’ we can write the

following equation:

V.=V, +V, —U,, =1R +1 joL 1, joM (3.1)

The term /> can be obtained from the tag antenna circuit through the following equation:

Uy, =V, +Vp +tV, =1, joL, + LR, +1, I p2 =1, joL, +1,R,+1,| ——~+——
L g 1+ joC,,R,
. L
JjoCp,
Rearrange for />:
I, = Yz - = JoMl, P (3.2)
ja)L2+R2+ I — L ja)L2+R2+ ' L
1+ jwC,,R, 1+ joC,,R,
Substituting /1> into (3.1) yields
M1
V,=IR +1 joL, - SO joM
: R,
JOL, + Ry +| ———
1+ joC,,R,
2 2
M
V,=IR +1 joL +1, @ (3.3)
. R,
JOL,+R, +| ——
1+ jwC,,R,
Divide both the sides of (3.3) by I; gives the impedance of the reader loop:
v, ‘M?
=R+ jwL + @ (3.4)
1, . R,
JOL,+R, +| ——
1+ joC,,R,

The first and the second terms in (3.4) are the initial reader loop resistance and
reactance respectively. The last term in (3.4) is the impedance due to inductive
interaction between the reader loop and the tag loop. The denominator of the last term
clearly indicates the elements of tag impedance, which include the original tag’s loop
impedance, the matching impedance, and the load impedance of tag’s IC chip. This last

term will be denoted as transformed tag impedance Z’Tag, given by
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: ZMZ
7 [0

Tag =

(3.5)

R

WL, +R, +| — L
ST (1+ja)CP2RLj

Now we need to obtain Z’'t.; as a function of reader tag separation h,. The only
parameter which influences the reader-tag separation in the above equation is the mutual
inductance M. Consider the reader and tag loops having radius r; and r> respectively
with r2 < r;. The planes of the loops are assumed to be always parallel and their
separation is h. The centres of both the loops are also assumed to be aligned. Under this
configuration, the mutual inductance ‘M’ between the two loops is related to the loop

geometry and the separation between the two loops, which is given by [51]:

2.2
JIN 4
2(r? +h?)
Substituting (3.6) into (3.5) gives:
z, = (o N\ Ny, 7)° 37

Tag

R
oL, +R, +| ——Lt——— | |4(r’ +h
o srel K atre)

Using the parameters listed in Table 3-1, the relationship between tag proximity and the

change in the transformed tag impedance Z’t.¢ that seen in the reader loop antenna is

plotted in Figure 3-8.

Table 3-1: Parameters used to evaluate proximity of tag

Parameters Values
I1 0.32*0.23/% meter
I ri/4 meter
N 1
N2 1
f 13.56MHz
uo 471*#107 H
RL 300 Ohm
L, (N1uom 12)/2 Henry
R> 0.5 Ohm

Cp2 [(2wf)? L,]"! Farad
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Figure 3-8: Change in the transformed tag impedance (Z’t.¢) seen at the reader loop.

Results in Figure 3-8 indicate that the real component changes significantly
compared to the imaginary component. Now let us examine the change in the loop

impedance when placed in close proximity to a large metallic plate.

3.3.1.2 Proximity of a metallic object to a loop reader antenna

{
Reader antenna  Image Reader Loop! Antenna
a | A d‘@
‘ \ L 1
RS @ Rt Co ZRo| ha
G I’ e Large Metalligplate V'metallic
Vi L Rer I 1 —1= Vo, Verm—m— e .
J— L L = S N A AR H N NI oo : >4
Vo 4 1 P1 Vo
b [Umi=joML | Use=joM[, h Vmetallic >> T'1
oYl ) : a
A\ -
Reader Matching M Matching Iin_age_ qf_ll_eEQe{}@qp_érltgn_nf
Mutual Inductance A\ fm-eo ﬁ___________-—=
M (x) !

Figure 3-9: Equivalent circuit for reader-image mutual inductance

To investigate the influence of metallic object on the input impedance of the loop
antenna, we consider the scenario as illustrated in Figure 3-9. The metallic object is
considered to have dimensions larger than the loop reader antenna. Under this scenario,
method of images can be applied [101]. Considering the image of the current in the loop
with respect to the metallic plate, a modified equivalent circuit can be developed to

analyse the effects mutual inductance as shown in Figure 3-9.
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The above circuit is quite similar to the previous one except the tag is replaced by
image of reader loop antenna. From image theory we know that the magnitude of image
current |/;°| is equal to the magnitude of the current in the reader loop 1/;I. Applying the
same procedure as in the previous analysis but with consideration that the currents in
both the loops having the same magnitude i.e. ll;l=Il>l, we can obtain the input

impedance in the reader’s loop due to the presence of large metallic plate using
Zp = joM (3.8)

This impedance is denoted as transformed impedance Z’reader. The mutual inductance

M in the above equation can be expressed by

M=t (3.9)
2(1"12 +hj)

Applying this mutual inductance to (3.8), we obtain Z’reader as a function of

separation between the metallic object and the reader antenna.

4
L MR
ZReader' - ]wz(rz +h2 )3/2 (310)
1 a

Using (3.10) and applying the value of variables and constant from Table 3-1, the

impedance change in the loop reader antenna is plotted in Figure 3-10.

ha(m)

i{eal

[ component
10
s ! Imaginary

. component

. (Ohm)

30l
Figure 3-10: The input impedance in the reader’s loop due to the presence of large metallic plate
or transformed impedance Z.’Reader’.

Results indicate that the presence of metallic object alters the imaginary component.

The results in Figure 3-9 and Figure 3-10 signify that it is possible to differentiate
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whether the change in loop impedance is caused due to a metallic plate or a tag by
simply examining the changes that occur in the reader loop impedance. Any increase or
decrease in real component indicates that a tag is present. On the other hand, if
imaginary component shows a decreasing or increasing trend, it indicates the presence
of a metallic plate. The changes in the loop impedance can then be obtained from
voltage and current across the loop. Now let us consider the third case where both the
tag and metallic plate are present together in the close proximity of the reader loop

antenna.

3.3.1.3 Reader antenna placed in proximity of a tag and a metallic plate

7 Reader Matching Reader antenna  Tag Antenna

S
R < Gs Ri
Ce |
Vi ::1 Re1 3
Vo LJ
b .

O—0g—R)

A A A

Unmrr =jOM1r()
Unmrr=joMrr(-1)
Unmr= jOMg (-11)

Umrr=jOMg1(-I) H
Urp'=j0Mgg:(-1))
Umrr=jOMgr(+]h)

Reader Locl)p Antenna (R)

i i
X Tag IOOE'Antenna (T)
hy Large Metallic plate
s — ! —
Y

Image of
the tag loop

Ro Image of the
reader loop

Vo

S

A Sopro-c

ha Image of‘"ﬁg loop Antenna (T”)
H 1
Yoooomooooo- ——

é
Image of Readér Loop Antenna (R’)

Mutual Inductances

(@) (b)
Figure 3-11: Equivalent circuit for the effect of mutual inductance when both the tag and the
metallic plate present near the reader loop antenna.

Here, we consider a case when both the tag and a metallic plate are present in close
proximity to the reader loop antenna. Our aim is to investigate the changes that may
occur in impedance of the reader loop antenna when the separation of the tag and the
distance from the metallic object to the reader loop antenna is varied. To simplify this

problem, again, we apply the assumptions mentioned earlier. We apply the method of
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images to both the reader loop antenna and the tag loop antenna, and use the simplified
formulas for self and mutual inductances. The images of both the antennas are

illustrated in the Figure 3-11 (a).

The problem is then transformed into analysing four loop antennas using equivalent
circuits. The equivalent circuit for finding the changes in the impedance of the reader
loop antenna (denoted as Z’trr’) due to mutual inductances caused by these loops is
illustrated as in Figure 3-11 (b). Due to the effect of mutual inductances, a set of
potentials are induced in the reader loop which are indicated by UmrT, UMrr’, and UmrT.
Utilising the same procedure as in previous section (equation (3.1) to (3.5)), the
impedance change in the reader loop can be determined by dividing the potential due to
the mutual inductance with the current /;. Here, we apply the same approach along with
the superposition principle to include all the effects of mutual inductances influenced by
the reader loop. Applying the above steps, we have

Uy, Uy, Uy

7, =8 , (3.11a)
Il

_ JoM . (=1,)+ joM . (1,)+ joM ., (=1,)
| .

Zn

(3.11b)

1
The term /> in (3.11b) can be obtained by examining the equivalent circuit of the tag
loop antenna in the Figure 3-11. From the tag’s loop equivalent circuit, /> can be

expressed as:

L = UMTR +UM7T‘+UMTR’ _ja)MTR(Il)+jwMTT'(_IZ)+jwMTR'(Il)
, = =
joL, +R, +(.RLJ joL, +R, +(,RLJ
1+ joC,,R, 1+ joC,,R,
Solving for Iz

JOM o + M )

I,= (3.12)
joM .. +(ja)L2 +R, +(1+JRCUészLD
Substituting 1> into 3.11 we get:
oo SO M MM M) a3
; . R
JjoM .. +(](1)L2 +R2+(1+ja)é‘mRLD .

Mutual inductance M;; can be calculated using:




Chapter 3: Effect of Metallic Environments 73

2.2
rriw
ﬂo,—,m fori>j,
2 2
2(r7 + 1)
M, = L i,j={T.R.T' R} (3.14)
M T ..
———5 forigj,
2(r) +17)
J y

In (3.14), the distances  h; ={hyy, hyp., hep, hyp, hpg, hep} can be obtained by

examining the separations involving reader and the tag antennas along with their images
illustrated in Figure 3-11 (a). For convenience, we tabulated these distances in Table 3-2
below.

Table 3-2: The distance A; and its relation with the parameters 4, and /;

hij Distance in term of A, and A,
hr ha
hrr’ ha
hrr ha+ 2hp
hrr ha
hrr 2hyp
hrr’ 2(ha+hy)

Using (3.13) with the parameters from Table 3-1, the changes in impedance of the
reader loop antenna are computed and plotted in Figure 3-12 and Figure 3-13 by fixing

hpy=5cm and hy=10cm respectively, while varying A, from 0 to 40cm.

Figure 3-12 and Figure 3-13 indicate that both the real and imaginary parts of the
reader loop impedance get modified for different A,. Significant changes seem to occur
on the imaginary part compared to the real part. The reason for this is when a tag is
placed very close to a metallic plate, the magnetic fields of the tag get severely
perturbed by the metallic plate. This problem can be minimised by placing the tag at
some distance away from the metallic plane/object as indicated in the second plot. In
other words, the changes in the real part that is caused due to the tag can be improved
by increasing the distance &, between tag plane and the metallic plate. The change in the
imaginary part is negative while it is positive for the real part. We will demonstrate the
significance of these results for predicting the performance of the bridge antenna in the

next section.
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Figure 3-12: Change in the impedance of the reader loop antenna for the separation #,=5cm
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Figure 3-13: Change in the impedance of the reader loop antenna for the separation /,=10cm

3.3.2 Techniques to improve bridge antenna performance

The bridge loop antenna contains many loop elements and any changes in a single
reader loop will contribute to changes in the overall bride loop antenna. It is important
to highlight the possible methods to improve the performance of the bride loop antenna

based on the results from equivalent circuit presented so far.
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3.3.2.1 Interference due to magnetic fields

The results presented in previous section show that the imaginary part of the reader
loop impedance decreases when the reader loop gets closer to a metallic plate. This
means the inductance of the reader loop reduces with the proximity of the metallic plate

and thus reducing the induced magnetic fields.

In addition, the change in the reader loop impedance also detunes the impedance
match of the reader loop. As a result, the maximum current flowing in the reader loop

will be decreased.

To ensure that both the reader and tag antennas provide sufficient magnetic fields
for successful detection, metallic objects must not be placed too close to the antennas.
This can be ensured by installing the reader and the tag antennas at a sufficient distance

from the nearby metallic structures.

The reader impedance mismatch due to presence of fixed metallic structure in its
proximity can be improved by properly changing the matching elements. This makes
the antenna to revert back to resonance at the operating frequency, thus maximising the

current to the antenna from the reader.

3.3.2.2 Interference with Bridge signal (V)

The separation between the metallic object and the reader as well as tag antennas are
considered to be sufficient enough to allow adequate level of magnetic fields for
interrogation. The loop elements of the bridge antennas are assumed to be identical and

each loop behaves similarly to the reader loop antenna presented in the last section.

In general, when a metallic object is not symmetrically located with respect to the
central line of the bridge antenna, a bridge potential will be produced. This is because
the metallic object alters impedance of the bridge loops unequally; hence causes

imbalance in the bridge, which then produces the bridge potential (Vg).

The alteration of the bridge potential depends on the position of the metallic objects
with respect to central line of the antenna. Metallic objects that are fixed and located
asymmetrically with respect to the antenna cause a constant offset in the bridge

potential. Mainly the metallic structure of the moving object to which the reader antenna
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1s attached to, can be considered under this scenario. The effect of this metallic structure
can be indirectly eliminated by a shielding plate to shield the metallic structure from the
antenna. The effect of shielding plate will be discussed in detail in the later sections.
Since the shielding plate is symmetrically positioned with respect to the antenna, the
perturbation of magnetic fields gets cancelled thus no voltage offset is generated at

bridge terminals.

The other types of metallic objects that can alter the bridge potential are those that
are randomly present in the path followed by the antenna. The magnitude of bridge
signal can be high when the interfere due to the randomly located metallic objects get
too close to the antenna. This interference therefore contributes to the false signal
resulting in error for the location estimation of tags. Thus, the severely altered bridge
signal cannot be directly used to identify the position of tags. They have to be corrected
to minimise effect of interference that cause the unnecessary alterations. Further

analysis and possible methods of improvement are discussed in the next section.

3.4 Methods to minimize the effect of metallic objects

The previous section presents an analysis on the changes in impedance of a single loop
reader antenna due to tags and metallic structure placed in its close proximity. We
showed that proximity of metallic objects dominantly alters the imaginary part of reader
loop impedance while the proximity of tags alters its real part. This characteristic makes
it possible to discriminate between a tag and a metallic object. However, the changes in
impedance that occur within the loop elements of a bridge antenna cannot be easily
measurable directly. Therefore other form of signals that have similar characteristic

need to be identified.

To investigate this, we consider our analysis on a single bridge antenna, which is
schematically shown in Figure 3-14. The measurable signals at the bridge are potential
Vg and Vi as denoted in Figure 3-14 (b). We therefore need to manipulate these
signals so that they can provide a clue to the position of the detected tag irrespective of
the proximity of any metallic objects. In other words, we aim to get an expression out of
Vpir and Vp so that it is a function of the position of the detected tag regardless the

effects due to the proximity of metallic objects.
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Figure 3-14: Loop elements of a bridge antenna, and its equivalent circuit with matching
elements

To achieve this aim, we firstly obtain the expression of Vs and Vs as a function of
separation of tags and metallic objects from the bridge antenna. We will use the bridge
equations as well as the equations of equivalent circuits derived previously. To simplify
analysis, we regard each loop of the bridge antenna in Figure 3-14 is similar to the
reader loop antenna used in the equivalent circuits in section 3.3, and the proximity of
tag and/or metallic object is within reader recognition area (RRA1) of the bridge
antenna. The tag is assumed to be a small single loop antenna as used previously.
Therefore, proximity of tags and/or metallic objects is assumed to occur only on the
loop-b and loop-c of Figure 3-14. The effect on impedances of both loop-b and loop-c
due to proximity of tag and/or metallic object are also assumed to be similar to the
single reader loop presented in section 3.3. The assumptions and separation parameters
considered in the section 3.3 are also applied to these loops. The changes on
impedances of these two loops cause Vj and Vg to vary. The three scenarios are
considered: 1) proximity of a tag; 2) proximity of metallic object (in the form of large
plate); and 3) proximity of both the tag and the metallic object. The changes in loop
impedance under the above mentioned three scenarios are obtained using (3.7), (3.10)

and (3.13) respectively as

AZ,=AR, +jAX, . (3.15)

where, m={Tag,Metal,Tag & Metal}, which denotes the three scenarios.
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Applying the changes/effects corresponding to the above three scenarios to the
corresponding loops in the bridge, we can obtain the bride signals associated with the
three scenarios. The bridge equations described in chapter-2 viz., equations (2.10a) and
(2.10Db) are used to get expressions for Vg and Vp as

Yo =57 iZ Az, " 2z% (ARmZ+ AX, )

(3.16)

Z+AZ Z+(AR, + jAX
and Vyp = ny - LEAR AN, (3.17)
"T2Z%AZ, " 2ZE(AR,+ jAX,,) "

The V, is the voltage across the R,, the C, and the bridge source terminals as
indicated in Figure 3-14 (b). By examining Vj and the Vz we can obtain an appropriate
expression that is a function of the position of the detected tag with respect to the bridge

antenna irrespective of its proximity to any metallic object.

Note that in the above expressions, we consider proximity with respect to RRAI.
This is sufficient because RRA1 and RAA?2 are symmetrical, and hence the effects on
the bridge potential due to proximity of tag/or metallic object between these two are just
a reverse version of one another. Another important assumption is that, we use large
metallic plate to simplify our analysis, in this case we assume that loops of RRA2 are
isolated and do not interact with the metal plate because we only interested to examine
the effect of proximity of metal/tag on loops of RRA1. We also assume each loop of
RRA1 behaves as the single loop reader antenna presented earlier. To ensure the
applicability of our analysis, we will re-validate our findings using results from
simulation and experimentation considering more realistic scenarios, which will be
presented in the later sections. In the following subsections, we will examine Vj and
the Vs of the bridge antenna as to obtain the useful expressions to minimise or eliminate

the effect proximity of metallic object.

3.4.1 V-V under constant V,

We firstly look at the potential difference V-V for a fixed value of V), considering
the three scenarios mentioned earlier. These potentials are plotted as in Figure 3-15,
which indicate that the imaginary part does not change with the close proximity of
metallic object but change occurs only with the proximity tag. This feature therefore can

be utilised to identify the presence of a tag and its position while at the same time
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eliminating the effect of close by metallic objects. The imaginary part of the potentials,

i.e. Im(Vp-Vg) for all the three cases are re-plotted separately in Figure 3-16 for

comparison.
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Figure 3-15: V-V for the three scenarios, V, is set constant equal to Vieager
a) real and imaginary components, and b) magnitude and phase values.

As can be seen in Figure 3-16, whenever a tag is present, in close proximity to the
reader’s antenna, the imaginary component Im(V;-Vg) of the bridge potential increases,
and there are almost no change in this signal due to close proximity of the metallic
object. Referring to the plot, the slight difference between the two lines that correspond
to scenariol and scenario3 is because, when both metallic object and the tag are in close
proximity, the metallic object influences the performance of the tag’s antenna, which
reduces the performance of the tag. This can be minimised by ensuring that tags are not

placed too close to metallic objects.
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Figure 3-16: Comparison of the imaginary component for all the three cases

These results however require constant V;, which is not the case for a simple bridge
antenna. The V, varies with the impedance of the antenna, and also it depends on the
excitation from the RFID reader. To ensure constant Vp, additional circuit is required to
regulate the value of Vj, but this is not desirable and impractical because it involves
additional components and they must be located close to the bridge terminals of the
antenna. Alterative way is to incorporate simple measurement to monitor Vp, and use

this V to normalise Vg1 and Vg2, which will be discussed in the next section.

3.4.2 V-V when V), is not constant

The potential across the bridge source Vp (see Figure 3-14 (b)) gets fluctuated due to
several factors such as, the changes in the impedance of the bridge, effect of tag-reader
interaction etc. Due to this, the potential difference between the left and the right arms
of the bridge antenna (Vs-Vj2) does not offer consistent indication about the changes in
the impedance of the bridge loops, which makes the previous method not directly
applicable under this scenario. The results for (Vs-Vg) when V, is not constant are

plotted in Figure 3-17.
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Figure 3-17: V-V for the three cases, when V,, is not fixed

(a) real and imaginary, and (b) magnitude and phase values.

The above results indicate that the imaginary part of the bridge signal Im(Vs-Vp) is
no longer behave as desired. Hence, it cannot be directly utilised to minimise the effect

of proximity of metallic object.

The above problem can be solved if the value of V), is known. From (3.16) and

(3.17) we can rewrite the expressions for Vs and Vp as

Vy, = Z V, = zZ__ V. =H,V,
2Z+AZ 2Z+(AR + jAX,)

ZEAZ |, _ ZEAR +jAX,) | _

= = =H,V
P27 27Z+AZ 7 2Z+(AR +jAX,) "

B2"p

and Vo Vs =HyV, —HyV, =(Hy ~Hg )V, (3.18)

An expression independent from V), can be obtained by simply divide (3.18) with V.
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Vo =Vy) IV, =Hy ~Hp, (3.19)

The term (Hp-Hp:) varies with the change of the impedances of the bridge loops and the
change pattern can be comparable to the results given in the previous section whose V),

was set to a constant value.

In the previous section, we have observed that the imaginary component of (Vpi-
Vp2) has useful information to provide information about the proximity of a tag
regardless the effect of proximity of metallic object to the reader antenna. The similar
results are obtained when the above expression (3.19) is applied for the three scenarios
viz., scenariol: proximity of a tag; scenario2: proximity of metal plate; and scenario3:

proximity of a tag and a metal plate. The results are plotted in Figure 3-18.
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Figure 3-18: Imaginary components independent from V, for the three scenarios

The results are now similar to the results obtained in the previous section (see Figure
3-16) i.e. when the V,, was kept constant. The results presented in Figure 3-18 are the
scaled version of the results in Figure 3-16. The technique presented here eliminates the
need of additional components at the antenna to keep constant V;, and therefore much
practical. However, we need to measure Vp. In the next sections, we will investigate

other alternative techniques.

3.4.3 Use of ratio Vs/Vp
Another alternative method is to use the ratio between Vs and V. Using (3.16) and
(3.17) for Vs and Vg respectively, the complex components (real and imaginary) and

polar components (magnitude and phase) of the ratio (V;/Vy2) are plotted in Figure 3-19.
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Figure 3-19: The ratio of Vg to Vp, for the three cases

(a) real and imaginary components, and (b) magnitude and phase.

The trends from the plot in Figure 3-19 indicate that, the imaginary part
‘Im(Vs1/Vg)” and the phase ‘Phs(Vp/Vi)' of the ratio (Vsi/Vp) are almost independent
to the proximity of metallic plate. Hence, they can be useful to minimise and/or
eliminate the effect of proximity of metallic object. These useable signals are combined
for all the three cases and they are replotted side-by-side in Figure 3-20 for better

comparisons.
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Figure 3-20: Changed in signals derived from the ratio if V/Vs for the three scenarios:
(a) the imaginary component of the ratio ‘Im(V1/Vs2)’, (b) the phase of the ratio

‘Phs(Vpi1/Vp2).

The results in Figure 3-20 are quite comparable to the one obtained in the previous
two sections plotted in Figure 3-16 and Figure 3-18. The main advantage of this
technique is that no extra measurement V), is required. However, we must be careful that
when metallic objects are located too close to the reader antenna, this method can also

be affected by the interference.

Between these the two proposed approaches in this section, viz., (i) use of imaginary
component “Im(Vg/Vg)”, and (ii) use of phase “Phs(Vs/Vy)”), the second approach
appears to provide much better performance as evident from the plots shown in Figure
3-20. This second method is less sensitive to the distance of the metallic objects from

the reader as against to the first one.

To measure, the phase of the ratio (Vs/Vs), we need not to measure individual
magnitudes and phases of Vs and V. Since, the resulting phase is the phase difference
between the two signals, this technique is therefore greatly simplify our measurement.
This phase different measurements can be achieved using phase detectors that are

commercially available.

From Figure 3-20(b), we can observe that the difference between signal due to third
scenario (i.e. due to proximity both the tag and metallic object) and that of the first
scenario (i.e. due to proximity of tags only without metallic object) is very small. Again,
we would like to restate that, this slight difference is mainly due to the interference at
the tag cause by the metallic object. The metallic object distorts the magnetic field

which change the signal received by the tag. Also, the metallic object reduces the
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magnetic fields induced from the tag. This problem can be minimised by ensuring that
the tags are placed away from any obvious metallic objects. If a tag has to be placed
closer to a metallic object (provided it can still readable by the reader), a correction
factor associated with the tag can be incorporated into the database, so that the signal
can be corrected. The efficacy of the proposed technique of using phase of the gain (i.e.
Phs(Vs1/Vg)) will be investigated using realistic models and experimentations which

will be discussed in the next section.

3.5 Validation of the proposed technique

In the previous section, bridge antenna potentials were analysed considering a
simple loop with simplified assumptions so that the effect of metallic object on the
bridge potential can be established. However, use of realistic antenna and realistic
metallic object are necessary to establish the usefulness of the proposed techniques. The
metallic object may not always be in the form of large metal plate, so that the use of
method of images may not be accurate. It is therefore very useful to analyse using
realistic numerical electromagnetic models on the methods proposed.

In this section, we use FEKO simulation using an extension of the bridge antenna
explained in chapter-2 by incorporating a shielding plate to the bridge reader antenna.
The clearance distance between the shielding plate and the antenna is chosen to be 3cm.
The selection of this clearance distance is based on the analysis in section 3.5 that will
be described later. Magnetic fields and the resulting bridge potential signals produced
from this model are computed using FEKO. Before performing extensive analysis on

the realistic model it is very important to firstly validate this antenna model.

3.5.1 Shielded single bridge triangular loop reader antenna

The antenna used in validating the proposed technique is the shielded single-bridge-
triangular-loop, whose realistic numerical model and the fabricated prototype depicted
in Figure 3-21. Detained geometry of this antenna without shielding is indicated in

section 2.6.2.2 of chapter-2.

We firstly validate our analysis by comparing results (magnetic fields and bridge
signals) obtained from FEKO computations using realistic models of the bridge reader

antenna with the measured results using a prototype.
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(a) (b)

Figure 3-21: The single-bridge-triangular-loop reader antenna

(a) the realistic reader antenna model, and (b) the prototype.

Measured and computed results for magnetic fields along x and y axes on the tag
plane at z=-6cm are indicated in Figure 3-22(a). The results on bridge potential are
obtained when a tag is positioned at different positions relative to the reader recognition
area (RRA) of the triangular loop antenna. The procedure is similar to the one provided
in the chapter-2. Results on the bridge potential obtained from measurement and FEKO

simulations are plotted together in Figure 3-22(b).
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Figure 3-22: Validation of realistic model of shielded single bridge triangular loop
reader antenna (TLB).

(a) Magnetic fields, and (b) Bridge signal.

The above results on the magnetic fields and the bridge signal show a very good
agreement between the FEKO simulation results using the realistic model and
measurements from the prototype. These confirm the accuracy of the antenna model and
the FEKO computations. The use of realistic antenna model with FEKO is very useful
to effectively investigate the antenna performance especially when it involves with
determination of magnetic fields on a plane near to an obstacle which can be difficult to
measure. We will use the above shielded bridge antenna realistic model and its
prototype to evaluate the proposed techniques for minimising the effect of proximity of

metallic objects that will be described below.

3.5.2 Validation for improved bridge signal

In the section of 3.4.3 we have identified that, the use of phase of the gain between
signals at arm-1 and arm-2 of a bridge antenna “Phs(V/V) or simply Ovi/v2” is able to
minimise the effect of proximity of metallic object. Here, we aim to validate the
proposed technique using realistic models with FEKO simulations and measurements
on prototype. The following three scenarios are considered: i) Only tag is present, ii)
Only metallic object is present, and iii) both the tag and the metallic object are present.

The type of bridge antenna use is Single Bridge-Triangular Loop equipped with




Chapter 3: Effect of Metallic Environments 88

shielding, the one we readily described in section 3.5.1. The tag used is this validation is
similar to the one described in section 2.7. As for the metallic object, we use metallic
bar having dimension of (330 mm x 30 mm x 2.5 mm). The antenna is positioned so
that its centre is located at origin in a Cartesian coordinates as illustrated in Figure 2-23 .
Both the tag and the metallic bar are positioned in its own planes that are parallel to the
plane of the antenna. The centre of tag and the metallic bar are aligned so that they are
fixed at x=0 as illustrated in Figure 2-23. The vertical separation distance for the tag
plane and the metallic plane to the plane of the antenna are denoted by ‘h.’ and ‘hu’
respectively. In each scenario the tag and/or metallic object is positioned below the
antenna at points along y-axis, x=0, so that the tag and/or metal crosses the plane below
the antenna as indicated in the Figure 3-23. This to represent the changes in positions of
tag and/or metallic object with respect to the antenna so that there will be changes in the

bridge signal.

Figure 3-23: Single Bridge-Triangular loop antenna under three scenarios*
(a) Only tag presented, (b) Only when metal object is present, and (c) Both tag and
metallic object are present

* The shielding element is not shown as to help with illustration.

FEKO simulation, and experimental measurements on the prototype antenna
considering the above three scenarios are performed by fixing the separation distance
‘hy” and ‘hy’. The changes in the bridge antenna are recorded correspond to the location
of the tag and/or metallic bar. We repeat the FEKO simulation and experimental

measurement for different set of 4, ={10cm, 8cm, 3cm}. The ‘A, is fixed at ‘Scm’ to

represent the typical operating distance. For comparison, we plot the bridge signals,
before and after applying the proposed technique. Results for the simulation and

experiment are plotted in Figure 3-24 and Figure 3-25 respectively.
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Figure 3-24: FEKO results, Comparison between signals before and after applying the
proposed technique
(a) the vertical separation between the Metallic object and the Reader is fixed at
hn=10cm, (b) the separation h,=8cm, (c) Comparison for extreme case when h, is
varied down to 3cm.
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Figure 3-25: Experimental results, comparison between signals before and after applying
the proposed technique

(a) the vertical separation between the Metallic object and the Reader is fixed at
hn=10cm, (b) the separation h,=8cm, (c) Comparison for extreme case when h, is
varied down to 3cm.
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Results from both the experiment and simulation indicate that the use of ‘Phase of
ratio (Bvi/v2)’ be able minimise the effect of close proximity of metallic object. When
using magnitude of the bridge signal (Vs - V2p) the close proximity of metallic object
modifies this signal, even there is no tag near to the antenna. The closer the metallic
object to the antenna, the higher the interference it caused to the bridge signal, i.e. when
‘hy’ 1s reduced the interference become much severe as can be seen in (a-i), (b-i), and
(c-1) of Figure 3-24 and Figure 3-25. This interference is undesirable as we need the signal
to only change with the position of the tag. The use of ‘Phase of ratio (Bvpivs)’
however, overcomes this problem, whereby the proximity of metallic object almost does
not cause changes in this signal as evidence in (a-ii), (b-ii), and (c-ii) of Figure 3-24 and
Figure 3-25. This signal changes only with the position of the tag regardless whether the

metallic object is present or not.

Results indicate the proposed method capable to eliminate the effect of metallic
objects, and hence the obtained bridge signal can be reliably provide the signal
variations as the function of position of the detected tag with respect to the canter of the

proposed bridle loop antenna.

3.6 Method to improve magnetic fields reliability and to limit
interference from the antenna

3.6.1 Problems

In the previous section, it was mentioned that the change in the reader loop
impedance reduces the magnitude of magnetic fields. This happens due to two factors: 1)
magnetic field perturbation with metallic object, and ii) Shift in antenna resonance
frequency. The first factor can be minimised by ensuring the antenna is not operates
close to large flat metallic objects. The shift in resonance frequency can be overcome by
retuning the antenna matching elements so that the antenna resonates at the operating

frequency.

Another important aspect is to limit magnetic field from the reader antenna so as to
ensure minimal interaction with other electronic devices that may be present in the
environment. For example, in applications involving localisation of a wheelchair, it is
necessary to reduce the level of magnetic fields at the top side of the wheelchair so that

any electronic devices on the wheelchair or used by the user will not be interfered.
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3.6.2 Shielding

One of the effective ways to reduce interference is through the use of metallic
shielding plate [85]. Also, use of shielding plate will make the antenna’s resonance
becomes more stable because any present of metallic object on the shielded side will
almost not affecting the resonance of the antenna because magnetic fields interaction
will stop at the shielding plate. It also reduces inducing any voltage offset in the bridge
signal which typically occurs when unshielded bridge antenna is attached to any
metallic structure. The clearance distance between the antenna and the shielding metal

plate, need to be chosen carefully as to ensure the proper operation of the antenna.

3.6.3 Clearance distance of shielding plate

The clearance distance between shielding plate and the reader antenna can be

determined by examining the level of magnetic fields on the tag plane by varying the

clearance distance as done in Fig. 3-26. The magnetic fields are computed using FEKO.

In the computational model, a metal shielding plate is also considered whose
dimensions are same as that of the bridge antenna.
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Fig. 3-26. Effect of shielding clearance on the magnetic field of the antenna with the

input of 100mW from the reader

A smaller clearance distance results lower in magnetic field at the tag plane as
indicated in the plot in Fig. 3-26. The maximum clearance distance can be determined
by considering the level of magnetic field induced on the tag which is still above the
nominal level required by the chosen tag as per tag’s manufacturer data. For example,
considering the nominal magnetic field required by the floor tags is 223mA/m, and from
the plot Fig. 3-26, the minimum clearance distance is 4cm. It must be remembered, a

smaller distance can be still possible but it requires that the antenna must be fed with
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higher input power from reader as to increase the level of magnetic field on tag plane, or
alternatively, by adjusting the quality factor of the antenna. The use of higher quality
factor must consider the bandwidth constrain required for modulation which has been

discussed in section 2.6.4 of chapter-2.
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Fig. 3-27. Magnetic Field due to metal shielding on the propose bridge-loop with input power of
100mW from the reader.

Incorporation of shielding plate detunes the antenna matching, but retuning its
impedance match will help to slightly increase the level of magnetic field produced by
the antenna as indicated in Fig. 3-27. Simulation results indicate that the resulting
magnetic field lie within an acceptable range to energise floor tags. Also, very minimal
magnetic field appears on the other side of shielded side as can be seen in the plot,

which is desirable.

3.7 Summary

In this chapter, we have described the effect of proximity of metallic object. Equivalent
circuits for various scenarios are introduced to investigate methods to overcome the
effect of metallic object to the bridge signals. Techniques to improve the performance of
the proposed antenna have been described along with experimental and simulation

results that validate the proposed techniques.
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Chapter 4

Improving HF RFID Based Positioning System

4.1 Introduction

The previous chapters established that the bridge antenna could provide a bridge
signal that varies with the position of a detected tag. In this chapter, we utilise this and
demonstrate the usefulness of bridge antennas for HF RFID based positioning system to
localise a moving object in indoor environments under sparse floor tag. HF RFID can be
used for positioning and localisation of either tags or readers. However, localisations
using HF RFID with conventional methods have limitations [11, 12]. To alleviate these
limitations, many approaches are reported in literature which can be grouped into three
categories: i) change the floor tag arrangement [11]; ii) reduce the size of reader
recognition area and employ multiple readers for larger recognition area [102, 103]; and
iii) use of additional sensors [23]. Here we propose a method that seeks to manipulate
the reader antenna to gain extra information. The proposed method is advantageous over
the existing techniques because it does not require multiple readers or switches, and it
works with any commercially existing HF RFID reader system. In addition, it offers
improved position and orientation estimation even under sparsely located floor-tag thus

helping to improve the flexibility of the infrastructure.

In this chapter, we propose an efficient HF RFID based positioning system to
localise any autonomous vehicle in indoor environments having floor tags. Algorithms
to estimate the position and orientation of the moving object are introduced and
evaluated using experimental prototype. The prototype bridge antenna as described in
chapter-3 will be utilised. The techniques proposed in chapter-3 to minimise the effects

of interference due to metallic objects will also be incorporated in this chapter.

Initially, we will evaluate the algorithm using MATLAB based simulations to show

as to how the proposed algorithms perform under various inter floor tag separations.
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The algorithms are then evaluated by experimental campaigns to localise an
autonomous wheelchair. The results are then compared with the data from the recently

published literature.

Our contributions in this chapter include: i) A novel HF RFID based positioning
system using bridge antennas, ii) New algorithms that can provide improved estimation
of position and orientation, and iii) methods that lead to reduced density of floor tags
required per unit area which contributes to the flexibility and cost effectiveness of floor

tag infrastructure.

This chapter is organised as follows: the section 4.2 introduces HF RFID based
positioning system, which incorporates the previously discussed bridge antennas. The
main sub systems involved in this system are also described in this section. The
characterisation of RRA to improve positioning is introduced in section 4.3. In section
4.4, the novel algorithms for position and orientation estimations are described. Section
4.5 presents results of the simulations on the effect of tag-grid sparcity. To fully
evaluate the propose algorithms we perform experimentations that are described in
section 4.6. The results and discussion are given in section 4.7. Finally, conclusions for

this chapter are given in section 4.8.
4.2 Proposed HF RFID Reader Based Positioning System

HF RFID based positioning system
Floor tags, controller
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Figure 4-1: HF RFID based positioning system on a moving vehicle.
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The propose HF RFID reader based positioning system for positioning of a moving
vehicle is illustrated in Figure 4-1. In this thesis, we consider positioning an autonomous
wheelchair. The main components of the system include: i) a reader antenna installed at
the base of the moving object; ii) passive tags deployed on the floor as floor-tag; iii) a
data acquisition unit; iv) a commercially available HF RFID reader, and vi) a

Positioning Controller (PC).

The moving object that carries the reader system moves on a floor covered by a grid
of passive tags. The reader antenna that is fixed to the base of the object is parallel to
the floor plane on which tags are positioned. The tags are detected by the reader
whenever any of them lie within the reader recognition area (RRA) of the reader
antenna. When the bridge reader antenna is used, its RRA is divided into multiple
zones, and whenever a tag is present within any of the zones a change in impedance
(AX) will be created that will cause an electric ‘bridge’ potential to be developed across
the bridge terminals. Techniques of minimising the effect of proximity of metallic
objects as discussed in chapter can be applied to obtain a more reliable bridge signal. In
this study, we use an autonomous wheelchair to test our RFID based positioning system.
The next subsections describe the main components for our HF RFID based positioning

system.

4.2.1 Reader antennas

We will be using a bridge antenna that is described in earlier chapter. In addition, we
will also employ a conventional commercially available HF RFID antenna for the sake
of comparison. Both the antennas are chosen to have similar outer dimensions of Wan =
32 cm X Lane = 23 cm, and they both fed with same amount of input power from RFID
reader. Thus, the resulting RRAs for all the antennas are similar so as to ensure fair
comparisons. The bridge antennas to be used here similar as the one presented in the

chapter-2 and 3.

The bridge antenna is equipped with metallic shielding made of a copper plate having
width and length of about 20% extra than the antenna counterparts. A gap equal to 3cm
is kept between the shielding plate and the antenna. The dimensions and the shielding
gap are chosen so that the antenna fits on to the base of the wheelchair. The

incorporation of shielding plate is to ensure the bridge signal does not get offset and the
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resonance frequency unchanged when it is installed at the bottom side of the moving
wheelchair. The shielding also reduces interference to the electronic devices available

on the moving wheelchair.
4.2.1.1 Criteria for selecting the shape of the bridge reader antennas

It was indicated in chapter-2 that the bridge signal from a bridge reader antenna
changes as a function of tag’s positions within the reader recognition area (RRA) of the
reader antenna. Here we investigate as to how the shape of the loop element influences
the estimation of position and orientation, so that an appropriately shaped loop element

can be selected for localisation of a moving object.

Referring to chapter-2, let us consider the three bridge antennas viz., 1) Single-
bridge-rectangular-loop (SBRLA), ii) single-bridge-rectangular-loop (SBTLA), and iii)
Dual-bridge-rectangular-loop-antenna (DBRLA) their loop elements and their
corresponding RRA from top view are illustrated in Figure 4-2 (a-c). Each antenna is
assumed to be fitted at the base of a moving object with its longest dimension ‘W’ is

aligned with y-axis as indicated in Figure 4-2 (d).

Recall that, in chapter-2 we have established that the shape of loop elements
determines the shapes of the smaller RRA zones and the bridge signal will also be
influenced by the shape of the loop. We will use this information to deduce the resulting
bridge signals when a bridge antenna moves over a detected tag when the tag located at

y=0, +W/4 and —W/4 with respect to y-axis of the antennas.

Assuming that the object is moving along x-axis with a constant speed and tags are
sparsely arranged on the floor so that at any time instant the antenna detects only one
tag. The complete cycles of bridge signals associated with positions of the detected tag
when the reader antenna passes over it as the vehicle moves are illustrated in the Figure

4-2.

We first compare the bridge signals of the first two antennas: singe bridge
rectangular loop antenna (SBRLA) and the single bridge triangular loop antenna
(SBTLA). The bridge signals for both the antennas can allow identification along x-
axis direction because the bridge signal variation corresponds to locations of tag when
its position vary on x-axis. However, for identification along-y axis, only the bridge

signals from the second antenna SBTLA provide signal variations with the location of
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the tag along y-axis, the bridge signals from the first antenna SBRLA do not vary with
the locations of tag along y-axis. Therefore, for the case considered above, the first
bridge antenna is limited to only provide localisation in one direction but the second

antenna offers localisation for both directions.
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Figure 4-2: Changes of bridge signal when a bridge reader antenna passes above a floor-tag.
(a) Single-bridge-rectangular-loop (SBRLA), (b) single-bridge-rectangular-loop (SBTLA), and
(c) Dual-bridge-rectangular-loop-antenna (DBRLA), (d) The position of a bridge loop antenna

on a moving vehicle

The limitation of the first antenna can be overcome by extending the number of
bridges. The double bridge rectangular loop antenna (DBRLA) is an extension of the
single bridge, because the loop elements of both the bridges are similar however, they
are arranged orthogonally. Thus, it can help localise simultaneously on both the x and y

axes.

To simplify the discussion, we initially limit our investigation to a single bridge

triangular loop antenna with an aim to obtain positioning accuracy obtainable with the




Chapter 4: Improving HF RFID Based Positioning System 99

simplest of the bridge antennas. For this reason in this chapter, we consider to use the
single-bridge-triangular-loop antenna. Henceforth in this chapter, we refer to SBTLA as

TLB (Triangular Loop Bridge) for the sake of brevity.

The prototype of the TLB used in this chapter is similar to the one evaluated in
chapter-3 (see Figure 3-21 b). The TLB reader antenna is installed at the base of an

autonomous wheelchair as depicted in Figure 4-3.

b e S i TR B o - S ke

Figure 4-3: Triangular loop bridge reader antenna installed at the base of moving vehicle

4.2.2 Data acquisition unit

Data acquisition unit consists of a signal conditioner, and an 8-bit microcontroller
that are commercially available. This unit is packed into a rigid box so that it can be
carried by the moving object as depicted in Figure 4-4. The unit is used to acquire the
bridge signal and feed it to the “Positioning Controller” (PC) unit as illustrated in

Figure 4-1.

o " 8-Bit Microcontroller
. (Equipped with ADC and USRT)

[l B

From bridge antenna

Figure 4-4: A photograph of signal conditioning unit
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4.2.3 HF RFID Reader and Passive tag

We employ a standard, commercially available HF RFID reader ‘TRF7960’ and
passive tags ‘RI-103-114" from Texas Instruments [91, 104]. The reader allows
recognition of various types of tag protocols, and it is equipped with anti-collision
algorithms to allow detection of multi tags. The photographs of the reader and the tag

are shown in Figure 2-28 (a) and (b) of chapter-2.

4.2.4 Positioning Controller (PC)

The positioning controller represents a processing unit capable of receiving data
from RFID reader and data acquisition units. The positioning algorithm to be explained
later in section 4-4 of this chapter will be executed within this PC. The outputs of the

PC unit are the position and orientation of the object.

4.3 Characterization of RRA for positioning
4.3.1 Reader Recognition Area (RRA)

Reader Recognition Area (RRA) is one of the key factors contributing to positioning
accuracy in HF RFID based system [12, 23, 72]. It is defined as an area on a tag plane
over which the magnetic field from the reader antenna is sufficiently strong so as to
interrogate nearby tag(s) that are located on the same plane.

Depending on tag’s sensitivity and the distance ‘han’ between the plane of the reader
antenna and the plane of the tags (floor in our case), the size of the RRA may vary. In
certain cases involving sensitive tags, when the tag’s plane is closer to the antenna’s
plane (i.e. haxx < 3 cm), multiple RRA zones may be formed, typically beyond the
projected antenna boundary on to the floor (please refer to chapter-2 figure 2-6). Here
we consider that the plane of the reader antenna to be always parallel to the plane of the
tags i.e., reader antenna is kept parallel to the floor even when the object is moving so

that the centres of the RRA and the antenna are always aligned.

As far as the shape and location of the RRA is concerned, we approximate that for a
reasonable clearance distance between the floor and reader antenna (i.e., 3 cm < Hane < 8
cm). The RRA is generally located on the floor parallel and directly below to the reader
antenna and has a shape approximately rectangular resembling the physical shape of the

outer antenna boundary.
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This approximation is reasonable since significant amount of near magnetic field
produced by the HF RFID reader antenna falls within this area therefore, most of the

tags can be interrogated successfully if they are present within this region.

The RRA of the reader antenna can be estimated by considering the H-field over
regions on the plane of the tags, (which is same as the floor in our case) that has the
field strength exceeding the minimum threshold required to interrogate the tags. The
threshold value can vary for different tags and the data is usually provided by the tag
manufacturers. Here, we employ tags made by Texas Instruments (RI-103-114) which
require a minimum of 223mA/m as per the data provided by the manufacturer. The
reader antenna is fixed to the base of the moving object and a shielding plate is inserted
so as to minimise unwanted interference as well as to ensure that the field on the tag

plane is not modified by the metallic structure of the moving object.

The size and the shape of RRA would play an important role in the proposed
positioning algorithms. The RRA dimensions (W and L) for a given reader antenna is
derived from the minimum magnetic field required to interrogate a particular tag which
are specified by the tag manufacturers as explained earlier. In our proposed positioning
system, these predetermined parameters are stored within the system memory of the
positioning controller so that the positioning algorithm will automatically choose the

appropriate RRA dimensions as per the type of detected tag.

4.3.2 RRA of TLB versus conventional loop reader antenna

It would be useful to verify and compare the performances of the proposed TLB
antenna with any conventional (commercially available) loop reader HF RFID antenna
by examining the induced magnetic field ‘H> on the tag’s plane. A full wave
electromagnetic simulation tool FEKO [80] was used to accurately estimate the induced
H fields for both the antennas that have similar dimensions (Lant X Wan). Input power of
200 mW is used for both the antennas. The antennas are positioned on x-y plane at z = 0
cm. H fields in ‘2’ direction at tag plane z = -6 cm are then computed. The H-field also
represents the RRA of the antennas as shown in Figure 4-5 (a-b). It can be seen that the
RRA of the proposed TLB antenna is comparable to that of the chosen conventional
reader antenna. It can also be seen from the figure that the shape of the RRA is

approximately equal to the shape of the reader antenna in both the cases which validates
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our approximation. The boundary on which the field is sufficient for a tag to be detected

is highlighted with dark line on each figure.
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Figure 4-5: Comparison of RRA between commercial reader antenna and the proposed TLB

reader antenna.

4.3.3 Positioning Error
Commercial reader antenna TLB reader antenna
A A
TagA @ 5@ @ RFID Tag ©
Reader recognition are
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Xc=Position estimate from X=Position estimate from
commercial antenna TLB antenna
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Figure 4-6: Positioning error between conventional reader antenna and the proposed TLB reader

antenna.

Position estimation with 1) using a commercially available conventional loop reader
antenna and ii) using the proposed TLB reader antenna is shown schematically in Figure

4-6 (a-b). Note the subscripts ‘.’ and ‘g’ represent conventional and TLB antennas
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respectively. We assume that both the antennas have the same maximum uncertainty
represented by a circle of radius ‘r’. We also assume that the floor tags are sparsely
arranged on a grid so that at any time instant only one tag is detected by the reader. Let
us define rp as the radial distance between X and the detected tag position as shown in
Figure 4-6 (b). The positioning errors can be represented by:

eC=|X—XC|Sr, 1)

and eﬁ:‘X—Xﬁ‘Sr—rﬁ. 4.2)

Where, X and X are the actual object position and the estimated object position

{C or B}

respectively.

As can be seen, any HF RFID based positioning system employing a conventional
loop reader antenna rely only on the position of the detected tag for which the error can
vary from zero up to a maximum uncertainty equal to the radius ‘7’ of its RRA.
However, when the proposed TLB reader antenna is used with any existing HF RFID
readers, additional information is available in the form of bridge potential (BP). The BP
allows a correction to be applied so that the positioning error can be reduced to lie

anywhere between zero and (r—r,). Thus, the use of the proposed TLB reader antenna

improves the positioning accuracy. Methods to obtain r, are presented in section 4.4.

4.3.4 Increase in tag sparcity without reducing accuracy

The floor tags are usually arranged in a dense rectangular grid with close separation
distance so that the reader can read tags at closely spaced intervals. To achieve a sparse
grid of floor tags, the tag separation on the grid must be increased while at the same
time ensuring that at any instant at least the reader detects one tag, so that no reduction

in the positioning accuracy can occur.

To achieve this, the RRA of the reader antenna can be made larger by increasing the
antenna’s physical size [84]. We illustrate two scenarios for system using smaller RRA
and using larger RRA in Figure 4-7 (a-b). Given the same area of localisation with
dimensions of (Wrwor X LFioor), a relatively denser floor tag is required for small RRA.

On the other hand, the use of larger RRA allows a sparser floor tag.
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With reader antennas having larger RRA, tags can be detected at larger distances
and hence the floor tag grid separation can be made equal to the maximum dimension

‘Wantenna” Of the reader antenna.

LF]onr

WFloor

Inter-tag separation
d_tag > Wrra

Figure 4-7: Utilisation of larger reader recognition area (RRA) for a sparser inter-tag separation

One of limitations of HF RFID is its inability to detect tags placed very close to
metallic objects (typically <1 cm). This can potentially make the reader to miss the tags,
which affects the corresponding bridge signal measurement. Sometimes, this is
minimised by properly installing tags at some distance away from obvious metallic
objects in a given user environment. To overcome this problem, the technique proposed
in this chapter incorporates the object position information available from the wheel
encoders in addition to the RFID tag readings. Thus, these two independent
measurements can be effectively utilised to compensate and overcome limitations of
each other. This can help to increase the tag separation on the floor to sparser floor tag

grid.
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Sparse tag grid can be achieved by considering the arrangement of the floor tags to
allow at least one tag be detected for travel over short distances (1 to 2 meters). To
ensure this, tags can be placed along the expected travel path of the object under
consideration. This can be useful in scenarios when the object under consideration
moves (i) either along a narrow path way or indoor corridors; or ii) along a predefined
path (in factory floors or warehouses, etc.). In between any two consecutive tags, when
no direct reading is made, the position can be estimated from the readily available wheel
encoder data with a reference taken from previously estimated position of detected tags
stored in the RFID database. The use of information from RFID database minimises any
unwanted errors associated with the wheel encoder data. Thus, the number of tags to be
deployed on the floor can be minimised further resulting in a simplified deployment

without sacrificing the positioning accuracy.

4.4 Positioning with the Proposed Bridge Reader Antenna

Our proposed positioning algorithm uses geometric approach to match boundaries
of RRA with the time flags of key events that occur during the detection of tags as
depicted in Figure 4-8. When employing the proposed TLB antenna for sparse floor tag-
grid infrastructure, the positioning can be categorised into two modes viz., Mode-1 and

Mode-2.

This categorisation takes into consideration the available information of the current
detected tag at the positioning controller. In Mode-1, position estimation is performed
using only the bridge signal that will be coupled with tag position information already
recorded in the RFID database. Under Mode-2, all the information that is available
under MODE-1 is included and in addition, the information from object dynamics will
also utilised for estimating the position. It is not difficult to guess that the use of Mode-2
is always desirable as it can obtain improved accuracy of estimation. However, Mode-1

can be useful for a very basic system when no dynamic motion information is available.
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4.4.1 Key Parameters for positioning of moving reader employing the TLB
antenna

i tag (tag) Traci-Of-tagi Key events over a period of tag detection
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Figure 4-8: Key parameters for positioning with the TLB reader antenna

(a) the TLB antenna and its RRA (b) Illustration over the time period of i tag detection.

The temporal events that occur while the reader antenna moves along the tag plane
are important in positioning. Let us first define the following key parameters that will be
used in our proposed algorithm: i) Time-Flag-of-Tagi ii) Trace-of-Tagi iii) Path of the
Objecti and iv) Points of Intersection and v) TLB Correction Factor. Figure 4-8 and
Figure 4-9 are used to illustrate how these parameters are related with RRA and key

time events when an object that is carrying the reader moves over a tag, say ‘ i tag °.

The projected RRA on the floor (tag) plane is assumed to be parallel to the antenna,
with the centre point of the RRA aligned with the centre of the antenna. We refer to this

centre point as the position of the moving object.

The measurements are recorded continuously and the data is buffered into the PC
memory. Thus, all the data are assumed to be readily available as inputs to the proposed
positioning algorithm. The algorithm requires that these data be sampled at closer time
intervals depending on speed of the object. The minimum time interval is determined by

delays in sensor measurement typically being less than 3msec.
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All the measured data are correlated in time. Hence, a set of data from different
measurements for a specific event can be acquired when time flag of the event is

known.

i) Time-Flag-of-Tagi (ta, ts, t., t4, and tr): Each time flag represents a key event when
the reader antenna moves over a particular tag placed on the floor. This also
corresponds to the movement associated with the boundaries of the RRA of the reader
antenna with respect to the tag and the resulting bridge signal variation associated with
the position of the tag with respect to RRA. The parameter ¢, is the time instant when
the current tag gets detected (i.e. just after the RRA of the reader antenna moves over
the tag), and #ris the time when reader antenna moves off the tag. The 7. and #; indicate
the times that correspond to transition of the tag between the boundaries of Zone-1 and
Zone-2 of the RRA. The #, and #. are the flags that occur at the mid points of the
boundaries of zonel and zone 2 respectively. The relation of these time flags with the
changes of bridge signal is illustrated in Figure 4-8 (b). These time flags are obtained
using information from RFID reader database and changes of the bridge potential when

a particular tag, say i tag (tag;), is detected.

i1) Trace-of-Tagi: 1t indicates the changes occurring in location of the detected tag
with respect to the trajectory of the moving RRA within that time frame #, to #. It is
important as it indicates the orientation of RRA with respect to the position of the

detected tagi.

iii) Path of the Object (PO)): It is a curve connecting series of points tracing the
position of the object as it moves during the time frame ¢, to # with respect to fag;. The
PO, is obtained from the information derived from the wheel encoder within the
specified time frame. It is related to the ‘Trace-of-Tag:’ and useful for the estimation of

the position of the object relative to the coordinates of the detected ‘tag;’.

iii) Points of Intersections (P, Pc4, and Py). These are the points on the path of the
object (PO;) corresponding to the time flags of rag; as illustrated in Figure 4-9. These
points must fall on the boundary of the RRA* which is a scaled image of the original

RRA as illustrated in Figure 4-9.

iv) TLB correction factors (rp and@p): These parameters are used to obtain relative

position of the object with respect to detected i tag as shown in Figure 4-9. The rs is
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the radial distance as defined previously in (4.2). The s is the angle between radial line
drawn in the direction of rsg and the middle line along Xrrg-axis which crosses the

centre of the antenna as illustrated in Figure 4-8 (a) and Figure 4-9.

4.4.2 Position estimation with Mode-1

Mode-1 is suitable for any basic system for which the wheel encoder data is not
available. In such a case, the system uses only bridge signal and the coordinates of the
detected tag already stored in the reader database to calculate the position of the object.
The bridge signal will be continuously monitored and whenever a tag is detected by the
reader, it compares the bridge signal at that time instant to a reference (see Figure 4-8).
The magnitude and polarity of the bridge signal helps to decide whether the tag is
located closer to zone-1 or zone-2 of the bifurcated RRA. Once a proximal zone of RRA
is identified, the centroid of that zone is taken as the estimated object position. This
simple approach leads to improvement of the estimation of the position when operating
under sparse tag-grid as compared to some existing methods [11, 71]. For this mode, the
orientation of the object can be approximated following the method discussed in [12]

which utilises only the previous and current tag positions.

4.4.3 Position estimation with Mode-2

Our focus is on Mode-2, which obtains higher accuracy. In this mode, in addition to
the information from RFID measurements (recorded information from reader database
and acquired bridge signal from TLB antenna), the wheel encoder data is also utilised to

estimate the position.

In particular, the key aspect of Mode 2 is the determination of the TLB correction
factors (rp and @) so that the object’s relative position with respect to a detected i tag
can be estimated. The true location of the object is obtained by adding the object’s
relative position to the coordinates of the i” tag that is available with the RFID database.
Below, we describe the step-by-step process involved in the estimation of the position

with Mode-2
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i) Extraction of key parameters from sensors:
When a TLB reader antenna moves over a tag, changes in its bridge potential allow
the system to recognise different time flags viz., (t, t, t., t4, and #y). Using ¢, and # time

flags as markers, the system obtains path of the object (PO;) from the encoder data.

Similarly, referring to Figure 4-9, the intersection points (P4, Pc4, and Py) can be
obtained from the encoder data at times f.4, (f+4)/2, and tr. These intersection points

lead to formation of straight lines lac, l45 lor as can be seen from the same figure.

The path of the object PO; that is obtained from the encoder data can either be
straight line or a curve, depending on how the object that carries the reader moves.
However, to improve generality, we consider the path to be a curved line. It must be
noted that, any accumulated drift or offset in the encoder data will not affect our
algorithm because, we only utilise path shape within short distance associated with the

time frame #,-1y.

ii) Determination of RRA and RRA”:

The results in section 4.3.2, (see Figure 4-5), demonstrate that the overall RRA of a
HF RFID reader antenna is closely related to the physical shape of outer dimensions of
the reader antenna. We therefore, approximate the RRA of the TLB reader antenna to
be of rectangular shape with the dimensions W and L that are chosen from the

predetermined parameters stored in the system memory mentioned previously in section

4.3.1.

Further, we know that the overall RRA has two distinct zones in triangular shape,
which we denote as zone-1 and zone-2 as shown in Figure 4-9. These triangular shaped
zones allow localisation of the detected tag in both directions vertically and horizontally
with respect to the centre of its overall RRA as previously discussed in section 4.2.1.1.
This is the main reason for the selection of this antenna. An imaginary straight line is
drawn at the middle of the overall RRA to bifurcate it into zones 1 and 2 as shown in
the same figure so that a junction is formed between these two zones. The overall RRA

and its boundaries are shown in Figure 4-9.
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Figure 4-9: Flipped and scaled RRA, Path of the Object, and Intersection Points.

The RRA* is obtained by flipping and scaling the RRA using a scaling factor p to

create a new scaled version of the RRA (on the same plane as that of the original RRA)

as depicted in Figure 4-9. We utilise the boundaries of RRA* and the intersection points

(Pa, Pca and Py) that lie on the path of the object (PO;) to obtain the TLB correction

factors rgand 6.

The scaling factor p is determined as follows: referring to Figure 4-9, at the point Py,

the PO; can be considered to be tangential to the Xrrp-axis and perpendicular to the

RRA* boundary at which Py lies. Using these features and considering that the RRA*

plane is parallel to X-Y plane; a unit vector7, can be obtained. In a similar manner,

another unit vector 7, along Iy can also be obtained. This helps to calculate €y, and the

scale factor pis determined using the following expressions:

1,A A
By =008~ (7, T,

and p=L/1,sin(b,)).

(4.3)

“4.4)
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iii) Finding TLB correction factors by fitting the intersection points to the RRA*:

The aim here is to obtain the bridge correction factor (rg and ) by fitting the points
of intersection (P4, Pc,¢ and Py) to the boundaries of RRA*, We will employ a geometric
approach in order to solve this problem. Referring to Figure 4-9, the bridge correction

parameters can be determined by

ry =L +(L12), (4.5)
8, =tan"' (I, /(L/2)). (4.6)

Where;
. . w
I, =, sin(8,)/sin(e,)) p 5

0, =1—(¢.+¢,), 0, =tan” (L/W),

o - a. -6, ,for 6,26,
“ |\z-(a.+6,) .for 6,<6,°

I U
oy =cos” [%j By =cos l(rw.‘. T -
afbar

iv) Find the position of the object:
Having calculated the bridge potential correction factors, we will now obtain

relative position of the object with respect to the detected tag as

ryscos(@, +86,)
PReI Tag; = ! ‘ g . (47)
- rg sin(6, +6;) .
ag;

The term & is heading of the object relative to Xrag-axis. Finally, the object position

Prp(f) at time ‘tf is estimated using both the relative position of the object £y, ,,, and
the coordinates of the detected tag £, as
Xpye, + 75 €08(6, +64)
P,0=| " . : 4.8)
Vrag, T 75 8I0(G, +6;)

Now, we need to obtain &, which is discussed in the section below.
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4.4.4 Estimation of the object orientation

The object orientation & is defined as the angle between Xrrp-axis at current
position of the object and Xtag-axis as shown in Figure 4-10. The object orientation can
be estimated using current and previous estimated positions as described in [11-13].
Considering the scenario in Figure 4-10, the object orientation using the method in [11-
13] is regarded as the angle between slope of the line connecting the current and

previous detected tags to Xrag-axis, and this angle is estimated using:

0,5 = AaN2((V,e, — Viag, )s Kiag, ~ Xiag, ) - (4.9)

In (4.9), the actual detected tag positions are retrieved from the RFID reader database.
The above method although it is simple, it however, suffers from position uncertainty
caused by the RRA which leads to errors in the estimated object orientation. Since the
proposed TLB antenna can reduce the uncertainty caused by RRA, it is worthwhile

investigating whether it can also help to improve the estimation of orientation.

—— — — »X7g-axis
Orientation

& » X7.-axis angle (6k)

Current position
| ; of the object

TLB

Figure 4-10: Object orientation at current position

The orientation estimation can be obtained by utilising the information from the

TLB reader antenna and the path travelled between previous and current detected tags.
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This algorithm does not rely on exact path as it only requires information on relative

positions of the object within the path.

First, the locations of the object at relative to the path travelled corresponding to two
consecutive tags (say Tag A and Tag B) is obtained using the Mode-2 positioning
algorithm. Consider the scenario illustrated in Figure 4-10 is redrawn as in Figure 4-11
to highlight the RRA at two locations and the tags, so that we can focus on the

important parameters.

Tag A

i fmrm === X o

— 1 — —»Xrqe-axis
Orientation
angle (&)

,})

B

Figure 4-11: Estimation of orientation angle using tag positions along the travelled path using

TLB reader antenna

We can estimate current orientation of the object using

6, =0,,+6, . (4.10)
The 643 is is calculated using (4.9)
The 6, in (4.10) is the angle between the current object heading vector 7, and another
vector 1, linking previous and current estimated tag positions. The 6, is obtained
using

6, =*cos™ (7, -7y ) . 4.11)
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The 7,, and 7, are the unit vectors of 7,, and 7. respectively. These vectors are
obtained from

Tan = Prag, _pan®s,) = Prag,_pan(t;,) 5 (4.12)
and Ty = Poun ) = Po (T ) 4.13)
where;

r €o8(6,_p,y +65)

PTag,._Pam =P (t/; )+ )
rg SIn(G, p,, +65)

ek_th,. = atanz(()’mmi (t,)=y Path_, (1),

Epay () = X, (1))

and, ie{A,B,..}.

The Pragi_pamn(ti) in (4.12) represents coordinates of tag; at time ¢, and in (4.13), the
Ppaum(ti) indicates coordinates of any point on the path as illustrated in Figure 4-11.
These coordinates (Pragi_pam(ti) and Ppam(t;)) are relative to a reference point that can be
chosen anywhere near the path. The reference, therefore, can be independent. In other
words, the actual coordinates for (Prugi_pamn(t)) and Ppam(ti)) are not necessarily known.
Hence, the accumulated errors that might occur in the encoder data prior to estimation
of the previous tag, do not affect the accuracy of the algorithm used for orientation

estimation.

4.4.5 The overall positioning algorithm

The overall sequence of our proposed positioning algorithm is illustrated in the flow
chart presented in Figure 4-12. The proposed algorithm allows any moving object to be
localised for both dense and sparse arrangement of tags on a grid. The algorithm is
mainly optimised for sparse tag-grid floor infrastructure as it helps to achieve cost
effectiveness of installation and makes the deployment flexible enough to suit any

application environments or infrastructure scenarios.

In the event that no tag gets detected, the system derives position using wheel
encoder data (object dynamic) with its reference taken from the most recent RFID

measurement. This approach reduces potential errors that may be caused by any
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accumulated offset or drift in the encoder data. In addition, it also ensures continuity in

positioning.

This overall positioning algorithm is utilised in both simulations and
experimentation. Results obtained from the simulation are discussed in sections V-F and

results from the experimentation are presented in VII. Both the results demonstrate the

‘ Initialize variables ‘

efficacy of our proposed approach.
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Figure 4-12: Flow diagram of RFID based positioning using triangular bridge-loop antenna.

4.5 Error comparison for different tag-grid sparcity

To indicate the improvement in positioning when using the proposed triangular
bridge-loop (TLB) reader antenna, we make a comparison of positioning performance
between a system that uses a conventional loop antenna (denoted as Sys-A), and another
system that uses the proposed TLB reader antenna (denoted as Sys-B-M1 when using
Mode-1, and Sys-B-M2 when using Mode-2). We assume orientation of the object at

any instance to be known for all the cases.
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The floor tag-grid is arranged in triangular pattern as illustrated in Figure 4-13. This
arrangement is suitable to reduce the number of floor tags [11]. Tag-grid is considered
sparse when only one tag can be detected at any instant. It is the case when the
parameter h.g as shown in Figure 4-13 becomes larger than the width ‘W’ of the RRA of
the antenna. When the tag grid is dense (i.e. when two or more tags being detected), the

system averages the coordinates of all the detected tags to estimate the current position.
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/ AN
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RRT) AU
\\. ./ y-axis (m)
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Triangular pattern of tag
arrangement

Figure 4-13: Tag floor and the desired path

Under sparse tag arrangement i.e., when only a single tag gets detected, the systems
employing Mode-1 (Sys-B-M1) and Mode-2 (Sys-B-M2) use algorithms that are
described in sections V-B and V-C respectively. To make a proper comparison, we
simulate the movement of an autonomous object that is equipped with HF RFID reader
to follow a defined path as shown in Figure 4-13. Estimations are repeated for different
tag-grid sparsity by increasing the inter tag separations ‘dwg’. Average position errors

over tag separations are computed using
- 1
Average Position Error =FZ;Te(I) (4.14)

where ‘t’ is the instance of position estimation, and ‘T’ is the total number of position

estimations required for the object to traverse the chosen path completely. The term e(?)

is a position error between an actual position X and an estimated position X computed

as: e(t) =\/(x—2)’+(y—9) .
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Average Position Error (cm)

Tag Separation “dtag” (cm)

Figure 4-14: Comparison of positioning error using conventional reader antenna versus

proposed triangular bridge-loop antenna

The average positioning error is plotted in Figure 4-14 which clearly demonstrate
that the system using TLB reader antenna outperforms those using the conventional

loop reader antenna especially under sparse tag-grid separation.

For conventional HF RFID reader antennas that do not employ bridge signals, when
the tag separation di,¢ becomes larger than the dimension of the RRA, the number of
detectable tags by the reader is reduced leading to increased positioning errors. For this
case, the errors become much higher when just one tag is detected which starts to occur
when tag separation diug>r, as shown in Figure 4-14 ( r is the maximum uncertainty of
the antenna, please refer to refer to Figure 4-6 (a)). For our case this happens at around
diag = 19cm. Further increasing the tag grid separation i.e., making the tag-grid sparser,
will further degrade the accuracy of positioning when conventional reader antennas are
used because only single tag gets detected. However, our proposed system performs
well for situation where only single tag is detected. The proposed TLB antenna (Sys-B)
is optimised to perform when single tag detection occur. The errors obtained by Sys-B-
M1 are lower than those of the conventional system (Sys-A) for larger separation when
the detection of a single tag starts to dominate. The performance of system using bridge
antenna under Mode-1 (Sys-B-M1) becomes stable with its error slightly below 8cm

after reaching d;s, of 36 cm.




Chapter 4: Improving HF RFID Based Positioning System 118

As for the system using bridge antenna under Mode-2 (Sys-B-M?2), starting at a tag
separation of around 23 cm, its average position errors begin to reduce gradually. This
happens due to the utilisation of bridge potential signal. At a tag separation of 36 cm
that is when h,>W, the errors tend to become stable below 2cm. The main reason is
that, beyond this sparse tag separation, there is only one tag that can be detected by the

reader.

The dimensions of reader antenna play a significant role as they determine the
required tag infrastructure, and the level of accuracy. The dimensions of the antenna
must not be chosen to be too small to avoid null tag detection throughout the
localisation process. The reduction in reader antenna dimensions will also reduce the
chances of reading a tag. For a smaller sized reader antenna, the tag—grid spacing must

also be not too sparse as it increases the error due to reduced chance tag detection.

The above results confirm the efficacy of our proposed method employing the TLB
antenna for sparse floor tag-grid infrastructure. It is worth mentioning here that the
bridge signal from the proposed antenna can also be utilised for dense tag infrastructure.
However, as the focus of this chapter is on sparse tag grid infrastructure, it is not

presented here.

To further validate our claims of the efficacy of the proposed TLB antenna and
positioning algorithms, we performed series of experiments using an autonomous
wheelchair by employing sparse tag-grid on the floor and the results are presented in the

next section.
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4.6 Experiments

We validate our proposed approach by performing series of experimentations on
localising an autonomous wheelchair in a multi-story building. The location used for
experimentations was in UTS building 1, level 20. The floor is made of concrete and

covered with a thin wooden layer.

Figure 4-15: UTS multi storey building at which the experiments were conducted

Results are used for two comparisons. Firstly, we compare the results obtained using
the proposed TLB reader antenna with those obtained from a conventional loop reader
antenna. Secondly, we compare our approach with the recently published results given

in [23] and [13].

The experimental setup used in our experimentations is shown in Figure 4-16.
Passive tags are sparsely arranged on the floor with a tag separation of about 1.3 meters.
The reader antenna is mounted at the base of the moving autonomous wheelchair. For a

fair comparison, the TLB antenna is chosen to have the same outer dimensions (230mm
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x 320mm) as that of the conventional loop reader antenna. This is to ensure that both the

antennas to have comparable-sized RRAs.

The wheelchair is moved on the floor concrete floor to follow a prescribed path as
depicted in Figure 4-16 (a). The speed of the object is set to be consistent around 16.6
cm/sec so as to ensure that the tags be successfully read by the reader. A faster reader
can be used if faster speed is desired without any modification to the proposed
algorithm. Measurements from HF RFID reader database, the bridge potential and the
wheel encoder data are acquired and fed as inputs to our localisation algorithm. The
overall positioning algorithm described in section 4.4.5 is employed. In particular, the
wheelchair position and orientation are estimated using the (4.8) and (4.10) respectively

when the system employs the proposed TLB reader antenna.

) The Proposed Bridge antenna
uisition  (ngtalled at the wheelchair base)

(b)

Figure 4-16: HF RFID reader based positioning for an autonomous wheelchair

When the system uses conventional loop antenna, the commonly used position
estimation algorithm given in [11] will be employed to estimate the position, and to
estimate orientation, the equation indicated in (4.9) is used [12]. The positioning error
and the average positioning error are calculated using discussion given in section 4.5.

The orientation error ... is calculated as:

6. =16-8l, (4.15)

error

where @ and 6 are the actual and the estimated heading angles respectively. The

average of heading angle is calculated using:

Average Orientation Error = % Z,T e, (). (4.16)
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where the terms ¢ and 7T are same as previously defined in section 4.5. The experimental

results and discussions are presented in the next section.

4.7 Results

Error comparisons for position and orientation estimations are plotted in Figure 4-17
and Figure 4-18. Results in Figure 4-17 indicate that, the proposed method that
incorporates the TLB antenna and the positioning algorithm offers smaller errors over
the period of the localisation as compared to the use of conventional reader antenna and
traditional positioning methods. On the average, the proposed method obtains average
positioning error of 4.05cm as opposed to an average positioning error of 12.41cm for a

system that employs a conventional reader antenna.

There are slight differences that can be observed between our simulation and the
experimental results which are attributable mainly to the simple rectangular shaped
RRA boundary chosen in our algorithm. This choice was made to make the algorithm
simple while closely reflecting the reality. However, the actual RRA boundary cannot
exactly be rectangular shaped. Further, the actual RRA could get modified by the
variation of tag sensitivity and due to the presence of metallic structures that may be
present underneath the concrete floor close to the tag; these factors could have
influenced the overall accuracy of measured data. In spite of these, the deviation

between simulation and measured results is quite small.

4.7.1 Performance comparison: Proposed reader antenna versus
conventional loop reader antenna

Our proposed algorithm for orientation estimation also offers relatively smaller
errors when compared to the conventional approach [12]. The proposed method can
perform relatively well even at critical points i.e. when the object to be localised makes
a turn as indicated in Figure 4-18. On an average, our orientation algorithm gives an
error of 4.51degrees as compared with the 14.80 degree error obtained by the available
method of orientation estimation. A Comparison of average errors is tabulated in Table

4-1.
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Figure 4-17: Comparison of positioning error: Positioning with the proposed TLB reader
antenna versus conventional reader antennas.
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Figure 4-18: Comparison of orientation estimation errors: Proposed method versus conventional

method.

Table 4-1: Comparison of average errors

Average values

Estimation methods Position Error Orientation Error
(cm) (Degree)
Conventional [12] 12.41 14.80

Proposed method with bridge-loop
4.05 4.51
antenna
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4.7.2 Comparison with the recent methods published in literature

Here we compare the performance of our proposed system with the recently
published results given in [23] and [13]. For effective comparison, we use antenna
radius parameter of the proposed systems to indicate improvement over the maximum
error. The maximum error is obtained from the radius of recognition area. Also, for
fairer comparison, we have considered cases that use only sparse tag arrangement
where, on an average only one tag is detected by the reader. Error improvement is

calculated using:

Maxi E —-A E
Improvement = ( dxumum r;jor verage rmrjxlOO% 4.17)
MaximumError
The comparison is tabulated in Table 4-2.
Table 4-2: Comparison of RFID based positioning methods
Radius of
Tag ~ Average

recognition Improvement
Positioning Methods separation error

area (Rgra (%)

(diag cm) (Terror CM)
cm)
Xerror = 62
Sunhong’s [13] 34 17.0 Yerror = 3.4 52
>krerror =8.22

Choi et al [105] repeated in [23] at
sparser tag separation, 50 30.0 Terror = 10.52 65
(RFID system + Encoder)
Proposed method in this chapter using
single bridge triangular loop reader 130 19.7 Terror = 4.05 79

antenna (TLB)

* Derived from Xerror a0d Yerror

The method published in [13] reports an improvement of 52% whereas the method
given in [105] which is also repeated in [23] with sparser floor tag-grid (dwg = 30cm)
reports an improvement of 65%. Our results consistently demonstrate that our proposed

method outperforms the both the published approaches by offering improvement of
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around 79%. In addition, our method employs much higher sparsity in tag separation of

about 130 cm compared with 50 cm and 34 cm as quoted in the literature [23],[13].

4.8 Summary

We have presented a method to improve HF RFID based positioning under sparse
floor tag-grid infrastructure using the proposed bridge reader antenna. The antenna
provides bridge potential as a function of tag’s location with respect to reader
recognition area. We have also proposed a positioning algorithm which advantageously
employs the bridge potential to estimate position and orientation of a moving object.
The proposed system allows sparser floor tag infrastructure leading to lower cost and
flexible tag deployment that can adapt to any application or infrastructure scenarios.
Simulations and experimental results and the comparison with existing techniques show
improvement in positioning accuracy even for large tag separations that make the tag-
grid highly sparse. Our studies also indicate that for HF RFID based positioning, larger
recognition area may not necessarily cause higher uncertainties. The novel bridge-loop

concept can also be extended for many other RFID applications.
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Chapter 5

Use of Tag Load Modulation to Enhance the
Positioning

5.1 Introduction

In the previous chapter, the use of bridge antenna is demonstrated for localisation of
a moving object using sparse floor-tag infrastructure. At any instance of time, the reader
just requires one tag to accurately localise the moving object. The technique provides
simple and elegant way of localisation requiring less number of tags while still
maintaining good positioning accuracy, thus achieving localisation using sparser floor
tag infrastructure. However, the algorithm presented in the previous chapter can be

further improved for situations when two or more tags are detected.

The proposed bridge antenna can also be employed to offer additional advantages
for applications or scenarios when there are two or more tags present within the
antenna’s RRA. For example, if the inter tag separation on a floor tag grid is not large,
thus more than one tag can be detected by the reader. Under such scenarios, a system
equipped with proposed bridge loop antenna can provide further improvements due to
its ability to provide extra information in term of variations in the resulting bridge
signals caused by multiple tags. One major improvement, which it can offer, is the
estimation of instantaneous orientation of the moving object, which can be directly
obtained solely on RFID measurements (along with the bridge signal) at a single
location. This information can be useful when a moving object has to be localised in
areas where many obstacles may be present or when it is traversing a narrow path. Thus,
an added advantage can be helpful unlike the conventional techniques which normally
require measurements from at least two locations [11-13, 103] or require additional

sensors to obtain position [23].

In some other application scenarios, such as in smart spaces, smart cabinets or

sorting tagged items, it is desirable to use the antenna to localise the locations of tags
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under the presence of two or more tags. Unlike the conventional antenna, the bridge
antenna allows the location of each tag with respect to the antenna. Here we propose a
technique utilising the bridge antenna to locate individual tag in the presence of many

other tags.

Contributions in this chapter includes; i) characterisation of the bridge potentials due
to the effect of load modulation at the tags, ii) proposing a technique to manipulate the
effect of tags’ load modulation to obtain orientation of the antenna when two or more

tags are present, iii) validation of the techniques through simulations and experiments.

This chapter is organised as follows: the section 5.2 describes the characterisation of
bridge signals under the presence of multiple tags using tag’s load modulation. Method
to obtain bridge signal associated with each of the detected tag is described in section
5.3. Evaluation on realistic model is performed in section 5.4. In section 5.5, technique
to practically acquire bridge signal is proposed. 5.6, followed by algorithm to determine
the location and the orientation using state of tag load modulation, which presented in
section 5.6. Experimentation to validate the proposed technique of splitting the bridge

signal is given in section 5.7. Finally, we summarise this chapter in section 5.8.

5.2 Characterisation of bridge signals under the presence of
multiple tags using tag’s load modulation

When two or more tags are present within the RRA of a bridge loop antenna, further
improvement can be made because additional information is available. However, an
additional step is required to differentiate and identify to which tag is causing the
change in the bridge potential signal, in order to recognise their locations. Fortunately,
the standard RFID protocols allow a reader to communicate with a single tag even when
there are other tags detected, but a proper analysis on the behaviour of the bride signal
during tag’s load modulation is necessary. We propose to utilise the aspect of tag’s load
modulation in our analysis in this chapter to identify methods to localise multiple tags.

This is important as to enhance our HF RFID based positioning algorithm.
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5.2.1 Tag’s load modulation

Under a standard HF RFID protocol, a tag communicates with a reader by changing
its load impedance, typically known as load modulation (see Figure 5-1 (a)). There are
two major types of load modulation typically used: i) Ohmic load modulation, and ii)
Capacitive load modulation. The resulting signal due to the load modulation will be first

experienced by the reader’s antenna which is then relayed to the reader.
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Figure 5-1: Load modulation at the tag

(a) Formation of load modulated signal [51], (b) a simplified circuit for load modulation

Under ohmic load modulation, Rmodul is alternately switched so that it becomes
parallel to the load resistance ‘Ri’ as illustrated in the schematic in Figure 5-1 (b). This
causes change in the overall impedance at the tag antenna thus altering the tag’s
transformed impedance which in turn affects the impedance of the reader antenna.
Similar effects can also occur for capacitive load modulation, where switching a
capacitor Cmodul is involved which then alters impedance of the reader antenna. The
difference between the two is that, the capacitive load modulation involves phase

alteration.

These properties can be utilised to improve localisation by employing the proposed
bridge loop reader antenna. To understand how the bridge signals (Vi and V) are varied
due to the change in tags’ load impedance. We will first examine the change in

impedance for a single loop reader antenna.
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5.2.2 Effect of tag’s load impedance on the impedance of a single loop
reader antenna

Consider the equivalent circuit shown in Figure 5-2 with Rinodu and Cimoqut parallel to the
RL on the tag’s antenna. The change in the reader’s antenna loop can be obtained using
similar expression as in (3.7) of chapter-3 but with slight modification so that the load

resistance ‘Ry’ is parallel to Rmodur Or Cinodul.

Reader antenna  Tag Antenna
- ; ; Rinod Reader Antenna

RL 1

1 |
Cre D A, h
Jdaer

iy R :
Reader Matching W """""" ‘Tag Matching Crroau CIZD
Mutual Inductance Tag Antenna
M)

Figure 5-2: Equivalent circuit to obtain impedance change in a single reader loop antenna when

the tag’s load is varied.
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We also investigate for the scenario when both the tag and a large metallic object
are present near the single loop reader antenna illustrated in Figure 5-3 below. Vertical
separation between reader and tag antennas is denoted by ‘h.’, while the separation

between tag antenna and the metallic plate is denoted by ‘h5’.
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Image of Readér Loop Antenna (R’)

Figure 5-3: Scenario when both the tag and a metallic object are present near the single loop

reader antenna
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For this case, the resulting transformed impedance is obtained by modifying (3.13)
of chapter-3 to include the parallel components Rmodur and Cmodu. The resulting
expression is given by

=7

TT'R'

AZ

reader

Y
_ @ (M + My Y(M . + M ) —jOM g (5.2)

ja)MTT' + _]CUL2 +R2 + - RL ” (Rmodulor Cmodul)
1+ j@C,,R, I (R, .0 C, o0

modul

Mutual inductance M;; is calculated using:

2.2
rrmw
/'101—13/2 foriZJ’
2 2
2(;; +hij)
M, = ) i,j={T,R,T"R'}. (5.3)
Hli 1y T .
o5 fori<j,
2(r7 +1)
J y

The term hj; is related to the separation of reader-tag antennas ‘h,” and h, as previously

indicated in Table 3-2 of chapter-3.

Recall that the above equations are known as transformed impedance, which
indicate the change in impedance at the reader loop antenna. It depends on the
parameters at the tag and also the distance /.. Since we are only interested to know the
effect of the reader loop impedance when the Rmodut 0r Cmodur are varied, we let other
parameters to remain constant. We use the parameter values indicated in the Table 3-1.
All the assumptions set in section 3.3 for are applicable here. In the next section, we
will use the above equations to investigate the changes in the impedance of the reader

loop.

5.2.2.1 The impedance variation of a single loop reader antenna when varying

tag’s load impedance

Using (5.1) and (5.2), we evaluate the effect of Rmodu On the impedance of the single
loop reader antenna by varying the value of Rmodau from 0 to 1K Ohm. We also vary the
Cinodul S0 that it reactive impedance Xcmodul takes the values from = 0 to 1K Ohm. This
extreme range is purposefully chosen to see how Rmodu and Cmodu influence the
impedance of a single loop reader antenna. When evaluating the effect of Rmodul, the

value of Xcmodul 1S set to be very large so that the resulting impedance is mainly due to
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the parallel combination of Ry and Ruoedu. Similarly, when evaluating the effect of
Cinodul, the Rmodur 1s set to be very large. The changes in the impedance of single loop

reader antenna are plotted as in Figure 5-4.

Scenario: Tag only Scenario: Tag with metallic plate
AZReager (Ohm) AZReader (Ohm)
15 ¢ 15¢
10 F IR
5 3¢
. . . Rmodlul(OhInI) ) ) . Rmoldul(ohnll)
st 200 400 @00 EOO 1000 _s | T -200 400 600 300 1000
-10f -0
e (a-i) 13t (a-ii)
AZReader (Ohm) AZReager (Ohm)
15 ¢ 15¢
1 10
5t 5f
. . - Xcmoau(Ohm) . . . Xcmoau(Ohm)
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- (b-i) 13t (b-ii)

Figure 5-4: The change of input impedance of the single loop reader (4,=constant)
(a) Rimoaul changes from (0 to 1 KOhm, Xcmodu>>RL), (b) Xcmodw change from (=0 to 1 K Ohm,
Rmoau>>RL). Solid lines represent real components, while the dashed lines represent imaginary

components.

The results indicate that the change of the tag’s impedance alters the impedance of
the single loop reader antenna for both the scenarios. That means, similar patterns occur
whether a tag is only present or both the tag and the metallic plate are present. The
increase in the tag’s impedance ‘Rmodul” Or ‘Xcmodul” increases the real component of a
single loop reader antenna. When the Rmodu alternately varies between two extreme
values, i.e. a low impedance (Rmoau << Rr) and a high impedance (Rmodu >> Rr), as
seen in the plots, the impedance of the loop follows the same trend as it varies between
low and high impedance states. Similar change can also be observed when the
capacitive load changes. Now we will closely examine considering the two extreme

cases while varying the separation distance ‘A, .
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5.2.2.2 The impedance variation of a single loop reader antenna due to State of

tag’s load impedance when varing tag-reader separation

The previous subsection highlights that the change in the impedance of a single loop
reader antenna ‘AZreader’ influenced by the tag’s load impedance ‘Zi’. However, the
influence of ZL to the AZeader can be different when the separation between tag and the
reader ‘h,’ changes. The reason is that, smaller &, increases the mutual inductance
between the tag and the reader. This characteristic can be used to recognise the location

of the tag which will be investigated further.

To simplify the analysis, we consider that the tag’s load impedance (Z1) takes only
two discrete values corresponding to the state of the switch Srmodul, i.6. When the
Srmodu=0n, then the tag’s load impedance = Ry, and when Srmodu=0ff, then the tag’s
load impedance = RyllRmodgu. This switching mechanism is illustrated in Figure 5-1.
Using (5.1) (for the case when only tag is present), and (5.2) (when both tag and metal

are present), the resulting AZcader are plotted in Figure 5-5 (a) and in Figure 5-5 (b)

respectively.
Scenario: Tag only Scenario: Tag and metallic plate
AZRead AZRead
25 cader 155 eader SRmOdulzoff
20} 0~
SRmodur=0ff Rmodul=01, (RL”Rmodul)
15¢ / S5F hy(m)
10f Srmodut=0n, (RLIRmodu1) 0 A
_____ gr-=""702 03 04
57 ha(m) =507 .7
0ke== ; 10 i
0.1 02 03 04
st (@ st (b)

Figure 5-5: The change in impedance at the reader loop when (Sgrmoau = On, and off), h; is varied
(a) only tag is present, (b) both tag and metallic plate are present. Solid lines represent real

components while dashed lines represent imaginary components.

As expected, the results show that the effect of Zi. on AZcader increases when the tag
gets closer to the reader antenna, i.e. with smaller 4,. Two distinct lines pointed in each
of the plots of Figure 5-5 indicate this. As can be seen, the separation between the two
solid lines widens as h., decreases. This characteristic can be useful to indicate

separation distance between the reader and the tag. Since bridge signal depends on
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AZreader, and hence, they also experience similar characteristics. To verify this, let’s

repeat similar analysis for the bridge signals.

5.2.3 Effect of tag’s load impedance on the bridge signals

To obtain the corresponding variation on the bridge signals, the above changes are
applied to the equations of a full bridge loop antenna. The expressions for bridge
potentials Vg and Vg as shown previously in chapters 2 and 3 can be extended to
consider multi tags present within its recognition area RRAs. To assist with explanation,
we redraw the diagram of a single bridge loop antenna as in Figure 5-17.
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Figure 5-6: Diagram for a single bridge loop antenna

Considering changes on all of the loop elements, more general expressions for the

potentials at bridge arm-1 ‘V;” and bridge arm-2 ‘Va’ can be written as:

7 + (AZ A
Lm = REQAZ n ) RRAL Vp’ (5.4)
2Z+(AZ," ")+ (AZ,™)
7 4 (A7 RRA2
2,m = +R(RAl » ) RRA2 V : (5'5)
2Z+(AZY+(AZY )P

The term AZ,RRA! and AZ,RRA? represent the change in the loop impedance when tags
present within the RRA1 and RRA2 respectively. The subscript ‘m’ indicates two
scenarios either: i) the presence of tag only, or ii) the presence of tag and metal, in

which me {Tag,Tag & Metal} .
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5.2.3.1 The variation of bridge signal when varying tag’s load impedance

We will first look at the influence of changes in tag’s load impedance on the bridge
signals when a tag present within the bridge loop reader antenna’s recognition area
RRA. The following bridge signals are considered for analysis:

1) Imaginary component of the difference between Vg and Vg: Im(Vg;- Vo)

ii) Phase of ratio between Vg and Va : Phs(Vi/ V)

These two cases are considered here because they can minimise the effect of proximity
of metallic objects on the bridge antenna as discussed in chapter 3. The term Vg and Vg
do correspond to the potentials at bridge arm-1 and bridge arm-2 as indicated in Figure

5-6, and they are calculated using (5.4) and (5.5) respectively.

Single bridge loop reader antenna
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Figure 5-7: Extending characteristics of a single loop reader antenna to a single loop element in
a bride antenna

A tag is considered to be located at the centre of RRA1, and then RRA2 as
illustrated in Figure 5-7. For each case the bridge signals are computed while the load
impedance at the tag is made to vary linearly. Results from 5.2.2.1 are utilised to
represent the changes in the loop impedance associated with the loops of the bridge

antenna. When a tag is located on RRA1, then the change in the loop impedance (loop-c

and loop-b) is AZ™*' =AZReader. Similarly, when the tag is within RRA2, the change in

impedance for loop-a and loop-d is AZ"*?=AZgcaer. For all the cases, the separation

between the tag and the antenna /. is kept constant. The results for the impedance
change due to both resistive and capacitive loads are plotted in Figure 5-8 and Figure 5-9
respectively. Both the scenarios viz., for tag only present, and both tag plus metallic

objects present are considered.
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Figure 5-9: Variation of the signals due to change in Xcmodul

(a) the tag located at the RRA2, (b) the tag located at RRALI.
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Results in Figure 5-8 and Figure 5-9 indicate that the change in the tag’s load

impedance alters the bridge signals.

Results indicate that the bridge signals change correspondingly with the load
impedance when the tag presents in either reader recognition areas RRA1 or RRA2.
However, the polarity of the bridge signals change (opposite sign) depending on the
location of the tag. When the tag is on RRA2, the bridge signals increase with the
increase of tag’s load impedance. On the other hand, when the tag is on RRA1 the
bridge signals decrease. This difference in polarity as well as the increasing and

decreasing trends are important as they can indicate about the position of the tag.

Another important feature is that the expressions derived for bridge signal and used
to minimise the effect of metallic interference are also applicable here. Referring to
Figure 5-8 (a) and (b), the lines in the plot whose correspond to both the scenarios (i.e. i.
Tag only present, and ii. Tag and metal present) are close together indicating the
interference due to metallic object is minimal when applying the proposed method of
minimising metallic interference. These occur especially when the tag is operated under
ohmic (resistive) load modulation mode. In this modulation mode, Rmodu is used instead

of Cmodaul. We henceforth will be using this ohmic modulation mode.

5.2.3.2 Bridge signals due to State of tag’s load impedance (Z.) at different tag-

reader separation (ha)

Section 5.2.2.2 highlighted that the effect of tag’s load impedance (Z1) can be useful
to recognise the location of tag. However, it is not practical for a single loop antenna
because it is difficult to obtain the measurable parameters to indicate the changes.
Bridge antenna on the other hand can provide practical signals (Vs and V) at the

bridge terminals.

To investigate whether the characteristics that are present for a single loop reader
antenna as indicated in the section 5.2.2.2 are same for a complete bridge antenna, (that
involve multiple loops) we perform an analysis of the bridge signal. The method of
obtaining the bridge signals as explained in the previous subsection 5.2.3.1 is utilised.

The resulting bridge signals (Im(Vs;-Vs2), and Phs(Vp;/Vp;) are plotted as in Figure 5-10.
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Figure 5-10: Change in bridge signals when (Srmoau =0n, the off) and h, is varied
(a) the tag is below the loops of RRA?2 (b) the tag is below the loops of RRA1.

As expected, in Figure 5-10 show that the results from the chosen bridge signals

follow the trends similar to the results obtained previously in 5.2.2.2 The lines that

correspond to states of the switch Srmodur Widens with the distance from the tag to the

antenna ‘h,’. This increasing gap is a very promising characteristic to allow localisation

when multiple tags are present within the RRA. We will further investigate as to how to

utilise this characteristic for the desired application.
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5.3 Formation of individual bridge signals to identify the
locations of tags

In general, when two or more tags present within RRA of a bridge antenna, the
resulting bridge signals are the combined information from all the tags, and hence
cannot be directly utilised to obtain position information. However, the use of state of
tags (i.e. on or off) due to the change in tag’s load impedance (Srmodu=0n, SrRmodu=0fT)
can create variation in the bridge signal which changes with the state of Srmodul. It is
possible to use this information for the separation of the bridge signal and thus locate

the locations of the tags with respect to the antenna.

The signal variation due to state of tag was observed in the results in Figure 5-5 of
in section 5.2, in which the loop impedance taking different values depending on the
state of the detected tag (i.e. the state of Srmodul €ither on or off). In addition, the
difference between the two values of loop impedance which correspond to Srmodul gets

larger when the detected tag gets closer to the loop antenna.

Similar characteristics also occur for the bridge signals shown in Figure 5-10. The
gap between the signals that correspond to the state of the detected tag increases with
the increase in relative position ‘h,’. The increase in ‘h,” indicates the reduction of

coupling between the tag and the loop antenna.

Reduction in coupling will also occur when the tag is moved away horizontally. For
the sake of simplicity, let us only evaluate the change in relative distance by varying the

vertical displacement h, so as to satisfy the assumption made in using (5.4) and (5.5).

To further elaborate this, consider Figure 5-11, where a single bridge rectangular
loop antenna with two tags present within RRA1 and RRA2. The distances h; and h»
indicate how far the tags are displaced from the centre of the antenna. This is
appropriate because when the tag is located away from the centre of the RRA, the level
of coupling gets reduced. The same effect can be observed even when the distances h;
and h; are increased. The main aim of this approach is to simplify the problem and
demonstrate its usefulness while at the same time still be able to study the changes

occur in bridge signal when (more than a single ) tags move within the RRAs.
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5.3.1 Change in Bridge signals in the presence of two tags

We will begin by first considering that both two tags (TagA and TagB) are located
at positions in such a way the level of mutual inductance between each tag and the loop
antennas of the bridge are similar. Assume that TagA moves within RRA1 while TagB
moves within RRA2 as illustrated in Figure 5-11 (a). We then create a situation where
both of the tags no longer has equal mutual inductance by letting hi#h» as illustrated in

Figure 5-11 (b).

RRAI RRA2 RRA] RRA2

Reader Antenna Reader Antenna

'y

ih‘ hz o h2

TagA
TagA (@) TagB (b) TagB

Figure 5-11: (a) TagA and TagB have equal mutual inductance w.r.t the loops of the bridge

antenna, (b) TagA and TagB have unequal mutual inductances.

Throughout the previous analysis on the bridge antenna, there is consistent evidence
on the influence of tag’s load impedance on all the chosen expressions for bridge
signals i.e. Im(Vpi-Vp2) and Phs(Vp1/Vp2). Therefore, in this section we will only
consider one of the bridge signals that is Im(V1-V2).

In the presence of two tags, the bridge signal can be considered to vary between
three values corresponding to the current state of the tags. The possible combination of
the state of the tag and the corresponding identification symbol designated for the

bridge signal is indicated in the Table 5-1.
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Table 5-1: Bridge signal due to state of tag

State of tag or State of the tags’
Designation for the
modulation switch ‘Srmodu’
bridge signal
TagA or Tagl TagB or Tag2
Vi On Off
Vii Off On
Viii Off Off

For the scenario in Figure 5-11 (a), where both the distances h; and h; are equal, their
values are made to increase from O to 0.4m, and the resulting bridge signals are shown
in Figure 5-12 (a). As for situation shown in Figure 5-11 (b), when the distances h; and
hz are made to be not equal (i.e. h; is let to increase by 0.03m as compared to hz), the

results are shown in Figure 5-12 (b-c).

Im(Vg-Vg) Volt Im(Vg-Vg) Volt
hy=0t0 0.4 hy=0to 0.4
hi=h,+ 0 hi=h, + 0.03
. (m) . (m)
0.3 0.4 0.3 0.4
af Vi
. (b)
Im(Vg-Vg:) Volt
h,=0to 0.4 . hi=hy + 0 Vii=vii-Viii
hi=h, + 0.06 s 3 hi=h, + 0.03 Vi=vi-viii
1R
. (m) hi=hy + 0..06 (m)
0.3 0.4 0.3 0.4

(d)

Figure 5-12: Bridge signals when two tags are present under the bridge loops
In the Figure 5-12, the terms (vi, vii, and viii) are defined in Table 5-1 , and the terms (Vi
and Vii) defined in Table 5-2.

Referring to the results in Figure 5-12 (a), the signals vii and vi; has equal
amplitudes but with different polarity. The reason for this is that both the tags are

equally coupled to the loops of the bridge antenna (i.e. they have similar levels of
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mutual inductance) but located on different sides of the RRA. This can be regarded as
the simplest case when two tags are present. The location of the tags can be directly
obtained by examining the polarity and the level of the signal. In other words, we are
able to recognise within which RRAs, the tags are located by merely using the polarity
of the bridge signals that correspond to the state of tags, and the magnitudes of the
bridge signals further refine the location of the tags within those RRAs.

Utilisation of the bridge signal will become complicated when the level of mutual
inductances on the tags are different i.e., by letting h1#h2. In this case, we let h1>h2,
the signals start to have offsets with respect to positive y-axis (see Figure 5-12 (b)).
Further increase in the difference between h; to ho, increases the offset in the signals
(see Figure 5-12 (b)). The offset in the signals can further complicate the recognition the
location of the tags. To overcome this problem, we can take ‘vi;’ as a reference signal
and use this reference in obtaining a more stable signal. The ‘vii’ is chosen because
when this signal occurs, both the tags are in the same state, hence, the amount off offset
during this state can be utilised to correct the signal. Designations for offset free bridge

signal, which depend on the states of the tags, are indicated below in Table 5-2.

Table 5-2: Offset free bridge signal

State of tag or State of the tags’
Designation for the offset
modulation switch ‘Srmodu’

free bridge signal

TagA or Tagl TagB or Tag2
Vi = vi-Viii On Off
Vii = Vii-Viii Off On

A more general expression for the offset free bridge signal can be written as

oy (5.6)

tagi_on tagi_on tag _all _off

where ‘“Vigi on’ represent the bridge signal when only Srmodul Of tagi is ‘on’. As for the
term ‘Vigi all_off , the load modulation switch Srmoduw for all tags are in the ‘off” state.
Note that we use capital ‘V’ for offset free signals as opposed to the small letter ‘v’ for

signals having offset. For brevity, we will use ‘Vigi™ as the short form of ‘Viagi_on’.
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Applying the offset removal, we obtain signals as indicated in Figure 5-12 (d),
which are more stable. Results in this figure show the combination of all the results
taken from Figure 5-12 (a-c), which are obtained by substituting the signals from their
offsets obtained from their respective ‘vii’. The results in Figure 5-12 (d) do clearly
indicate correlation between the level of bridge signals to the location of tags, i.e. the
signals are now well correlated with variation in h; and hy. On the next section, we
utilise these results to estimate the location and the orientation of the antenna or the

moving object when more than one tag is present.

5.4 Verification using realistic models

We verify the above findings using realistic models. The model consists of a single
bridge triangular loop HF RFID reader antenna, with tags having characteristics similar
to that of commercial tags. The reader antenna is positioned cantered with respect to x-y
plane and the tags are positioned below the reader antenna at z=-6cm as illustrated in
the Figure 5-13. The tag located in RRA1 is denoted as tagA and the other tag which is
located in RRA2 is denoted as tagB. The parameter /s and /g indicate the distances from
the centre of tagA and tagB to the projected x-axis on the overall RRA. These
parameters are varied and the resulting bridge signals are computed using FEKO. A
200mW input power is fed to the antenna which is typical of a conventional HF RFID
reader. At any instance, three sets of bridge signals are recorded namely vi, vii and vii

which correspond to the state of tags as tabulated in Table 5-1.

RRA_1 :

y-axis

<]y >a—[p—>

Figure 5-13: Model of tags and the bridge antenna arranged to evaluate the effect on the bridge

signals
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The control of

the state of tags and the change in the distance parameters /4 and /g

are performed using Matlab prior to computation using FEKO. This integration allows

the overall computation to be performed effectively.

To see the behaviour of the bridge signal due to the presence of two tags, we vary the

parameters in our s

imulation in the following ways:

1) The parameters /s and [g are increased equal steps so that the tags are away

from the central line symmetrically.

1i) Step (i)
1ii) Step (i)

is repeated but [ is offset by 2.4cm.
is repeated but /4 is offset by 4.0cm.

iv) Step (ii) and (iii) are repeated but the offset is set for /g instead of /a.

Results for vi,

vii, and viii for the above scenarios are plotted as in Figure 5-14.

Using these results, we then apply offset removal similar to the one we proposed in

5.3.1, the new results are plotted in Figure 5-15.
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Figure 5-14: Bridge signals before offset removal
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Figure 5-15: Bridge signals after offset removal

e results shown in Figure 5-14 (a-b), when the tags are equidistant

with respect to loops, the bridge signals have a symmetrical variation. When tagA or
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tagB are offset, the results in the same figure indicate the whole set of signals shift. This
shift makes it difficult to estimate positions as it create positioning errors. The use of

offset removal overcomes this problem as clearly indicated by the plots in Figure 5-15.

In general, the above results are consistent with the results from the equivalent
circuits on thin wire bridge antenna model as discussed previously in 5.3.1. This
confirms the veracity of our model and analysis. The removal of offset from the bridge
signal improves localisation when there are multiple tags present within the reader

recognition area.

5.5 Acquisition of Bridge signals during load modulation

THIS FIGURE IS EXCLUDED DUE TO COPY RIGHT

1 2308/ 2 200w 3 100w 4 100w 448738 500.08/

Signal at bridge arm-1 (vg1)

Close view of the
Load modulated
signal

(b)
Figure 5-16: Bridge signal during load modulation
(a) The signals from reader and transponder/tag during tag interrogation (reproduce from
[106]),

(b) Close view of the load modulated signal.
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During ohmic load modulation, the switch Srmodul is alternately switched ‘on’ and
‘off” that corresponds to the bit stream from the tag, which may contain information to
be transferred to the reader. The time instant at which we record the signal is important
so that it corresponds to the state of Srmodul i.e. Whether it is on or off. This can be
achieved by using an interrupt signal typically accessible from a standard reader. The
signals corresponding to tag’s load modulation occurs between the interrupt windows as
illustrated in Figure 5-16 (a). A close view of the load modulated signal along with the

bridge potentials vg; and v is illustrated in Figure 5-16 (b).

I Cer Bridge reader antenna
=l _I I
Reader
Rx Cr1 | Rer
IRQ 1
—
7
Host /
IRQ
VTx VRx VB2
Bridge signal VB1
acquisition
Position &
Orientation 7

Figure 5-17: Block diagram illustrating the connections to acquire bridge potentials vp; and v,

along with the signalling to obtain the timing for load modulated signal.

It is important to know the correct time instance to acquire signals vgi and vga.
Referring to Figure 5-16, the interrupt signal can only provide the window at which the
load modulation can occur. To identify as to when the tag starts sending its load
modulated signal, we need to monitor the modulated signal at the reader. The signal is
obtainable from receiver (Rx) terminal at the reader. However, the load modulated
signal at Rx terminal is extremely weak as compared to the carrier that is available at
Rx. To overcome this problem, a comparator can be employed to subtract the signal at
Rx from the carrier that is radiated by the transmitter. The output from the comparator is
then amplified so that it provides a proper level of load modulated signal. The diagram
illustrating the schematic representation of the system for acquiring the bridge signal is

illustrated in Figure 5-17.
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5.6 Algorithm to determine the location and the orientation
using state of tag load modulation

To obtain the location of the antenna/object we firstly need to estimate the location
the tags with respect to the RRA of the antenna. To simplify explanation, we consider
that two tags are detected for any given location. The measured Bridge signals
corresponding to the detected tags are denoted as Viga and Vigs. These are the offset
free bridge signals obtained using method described in the previous section. The
polarity of the Vi will indicate under which RRA zones the tagi is located. Depending
on the state of the object and the number of measurements, the accuracy of the

estimations for position and orientation can be improved.

5.6.1 Position and orientation with limited measurements

Consider that a bridge antenna is used to localise a moving vehicle where the
antenna is fixed at its base. To simplify the discussion, let us consider the bridge
antenna is in the form of ‘single bridge rectangular loop’. When the vehicle is at rest or
in motion in its initial state, only one set of measurements are available i.e. Vp_uga and
Vp_tgn. With these, the orientation and the position of the antenna/object can be roughly
estimated. Specifically, upon obtaining the potential Vp_tagie AB), We can determine
under which RRA zone the tags are located by using the polarity of the signal of Vp_agi.
Negative polarity indicates that the tag_i is within RRA1 and vice versa (refer to Figure
5-12 (d)). The specific locations of the tags within the RRAs are then determined by

using the magnitude of the potentials as illustrated in Figure 5-18.

Since there exist multiple solutions that can satisfy the locations of the tags, we
apply the following restrictions: i) the separation between the two tags must satisfy da s,
and ii) the tags are assumed to be located within the positive Xp-axis. The distance
between tags (dap) is calculated from the coordinates of the tags obtained from the
database of the floor tag infrastructure. Once the locations of the tags within the RRA
are identified, the bridge correction factors rg and s can be estimated. The rs is
calculated as in (5.7) and the angle s is taken as the angle between the central vertical

axis (Xp-axis) of the antenna and the line representing rg (refer to Figure 5-18).

ry =l —d, | (5.7)
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Bridge Signals

2k

Change of Bridge Signal
along X-axis

Figure 5-18: Estimate the locations of tags and the relative position

The parameters /4 and /p are correlated with Vraga and Viagp respectively as indicated by

the results in section 5.3 and 5.4. We can write

Z_A:VTL&“ (5.8)
L, V

TagB
and

%
R A (5.9)

TagB

The 6pis obtained from
/2 forl, =21,

9, :{ (5.10)

-ml2; for I, <.

The position of the object then is estimated using

By (1) :!

mean(x,, " )—rgcos(6, + 9[,)}

mean(yy,, ) —rs sin(6, +6;) (5.11)

The term 6 is the heading angle. It is estimated between the line connecting the
estimated coordinates of the tags and the Xg-axis as illustrated in see Figure 5-18. The
overall flow diagram explaining how to obtain position and orientation is illustrated as

in Figure 5-19.
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Figure 5-19: Algorithm to determine location and orientation of the antenna

5.6.2 Algorithms to acquire bridge signals during tag load modulation

An algorithm is required to ensure that set of bridge signals are acquired in a proper
manner so that the signals correspond to the states of modulation switch (Srmodut) of the
detected tags. We propose two types of algorithms: the first algorithm acquires the
bridge signals immediately during reader-tag interrogation period. In other words, the
bridge signals associated to the state of Srmoau Of the detected tag are acquired right
away when detected tags sending their information to the reader. This algorithm is
therefore works relatively faster; however, it may require relatively higher speed

components to cope with the high-speed signals.

Our second proposed algorithm is an alternative to the first one. It acquires bridge
signals after all the tags within the RRA of the bridge reader antenna are identified. This
algorithm uses ‘silent’ command to communicate with a single tag while acquiring a set
of bridge signals that correspond to the state of Srmoduw Of the tag. This is performed
until the set of bridge signals for all the tags are obtained. Both the algorithms are

presented in flow charts as shown in Figure 5-20.
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Figure 5-20: Algorithms to acquire information to localise under multi tags;

(a) Algorithm-1: acquire immediately, (b) Algorithm-2: acquire with ‘silent mode’.

Some procedures in our first algorithm are similar to the second algorithm. The purpose

is to ensure all sets of bridge signals can be acquired if failed in the first attempt.

The ‘silent mode’ used in the above algorithm is a standard command with most of
the commercially available readers and most tags have capability to interact with that
command. Our system is designed to work with the commonly used RFID standard that
is ISO 15693. If one desires to extend our method with other standards, the above
algorithm can be easily modified to suit any HF RFID standard and application. In the
next section, we demonstrate use of our second algorithm for performing bridge signal

acquisition for our experimentation.
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5.7 Experimentations

Series of experimentations are performed to validate the proposed method. Our first
aim in this section is to validate whether the bridge signal varies with the state of the
modulation switch Srmoaul Of the detected tag. The second aim is to verify whether the
state of tags from two tags can be utilised to recognise within which RRA zones the tags
are located. Finally, we aim to verify the observation that the gap between bridge
signals associated with states of Srmodul (0n and off) increases when the tag get closer to

the centre of the RRA zones.

Experimental setup as shown in the Figure 5-21 is considered. We utilised triangular
bridge antenna along with commercial RFID tags and reader from Texas Instruments.
The reader is connected to a desktop computer running windows based program to
interact with the reader. We utilise the algorithm proposed in the previous section to
acquire the bridge signals associated with the states of the Srmodu Of the tags. We use
magnetic field probes along with an oscilloscope for the signal acquisition so that the
modulated signals from the tags, as well as the signals associated with bridge-arm1 and
bridge-arm2 of the bridge reader antenna during data acquisition stage can be easily

visualised.

For the first experiment, we let both the tags to be positioned at 5cm above plane of
the antenna and they are equally spaced from the centre of the antenna. We denote the
first and the second tag as tagA and tagB respectively. TagA is positioned at RRA1
while tagB is in RRA2 as indicated in the Figure 5-21. Using our second proposed
algorithm as described previously, we acquire the bridge signals associated with the

state of modulation switches of tagA and tagB.

Next, we position the tags with same elevation as in our first experiment, but now
the tags are positioned above a line diagonal crossing two zones of the RRA. This line is
indicated as dashed-grey in the Figure 5-21. The distances from the centre of the antenna
to the tags are set to be equal. While varying these distances, we acquire bridge signals

using our algorithm as described in the previous section.

Note that, in both the experiments, we utilise the proposed algorithm that is shown
in Figure 5-20 (b) and we use it until all the bridge signals associated with the states of

tag load impedance are fully acquired, so that we can record these signals for post




Chapter 5: Use of Tag Load Modulation 150

processing. The acquired bridge signals are in the form of raw signals from bridge arm-

1 (vp2) and bridge arm-2 (vp1), which need further processing.
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Figure 5-21: Experimental setup to investigate tag load modulation for localisation
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Figure 5-22: Modulated signals from tags and the raw signals at bridge arm-1 and arm-2
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The modulated signals due to tag load modulation captured by the probes are
indicated in the Figure 5-22 (a). As can be seen, the modulated signals vary between two
levels correspond to the states of the switch Srmodul Viz., ‘on’ or ‘off’. Within these two
intervals of switching, signals at bridge arm-1 and arm-2 are recorded when the carrier
reaches its steady state. It is important to acquire signals during the steady state (i.e.

stable) period as to minimise errors.

Raw signals at arm-1 and arm-2 are also indicated as in Figure 5-22 (b-c), to show
that the acquired signals are stable. Note that bridge signal are obtained from these raw
signals of bridge arm-1 (vs;) and arm-2 (vg) using the expressions discussed earlier.
These signals will be associated with ith detected tag, which is denoted as (VB(1 or 2)_tagi)

before offset removal, and denoted as (Vg1 or2)_tagi) after removing the offset.

5.7.1 Results
5.7.1.1 Bridge signal levels due to states of tagA and TagB
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Figure 5-23: Variations in bridge signal due to states of tags

In Figure 5-23, it can be observed that the bridge signal due to the transition of the
state of TagA (off to on) shows decreasing trend. This shows that the bridge signal
moves from higher level to lower level when the Srmodu Of tagA switched from ‘off’
state to ‘on’ state. On the other hand, the bridge signal for tagB shows increasing trend
when the corresponding state Srmodule Of tagB transitions from ‘off’ state to ‘on’ state.
This behaviour is consistent with our findings using equivalent circuit which is

presented in section 5.3 as well as the results obtained from FEKO simulations
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presented in section 5.4. It must be emphasised that FEKO simulation employ rigorous

electromagnetic theory for the prediction.

In addition, these characteristics allow us to recognise whether the tag is located
within RRA1 or RRA2. A tag whose bridge signal has a decreasing trends deemed to be
located within RRA1 and vice versa. Our experimentation confirms this hypothesis that
the bridge signals for tagA are showing decreasing trend, that tag is located within
RRAI1. On the other hand, when the bridge signal due to a tag shows an increasing
trend, that tag should be located within RRA2, which is confirmed by our
experimentation for tagB. These results, therefore reaffirm our initial hypothesis that the
states of tags and their corresponding bridge signals can be useful to recognise the

location of the tags with respect to their RRAs.

5.7.1.2 Refining the location of tag using the gap between states of tag

Results in Figure 5-24 show offset free bridge signals associated with tagA and tagB
obtained using states of Srmodul Of the corresponding tags. The bridge signals are derived
from expression ‘Vp_tagi = Im(Vp1_tagi/ VB1_tagi)’. Note that, this expression is considered
because it can reduce the effect of proximity of surrounding metallic objects as shown

previously.
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Figure 5-24: Offset free bridge signals that correspond to tagA and tagB

(Obtained using states of Srmodu Of the corresponding tags)
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The trend of the signals shows a useful feature that is comparable to those previously
discussed in sections 5.3 and 5.4 using equivalent circuits and FEKO simulations. This,
serves to validate our findings. In particular, it is stated that, the gap or difference in
bridge signals between states of tags would increase when the tags get closer to the loop
elements of the bridge antenna (i.e. to the centre of the loop element). This behaviour is
indicated in the above experimental results for both the tagA and tagB as plotted in
Figure 5-24. One can also find another useful pattern that allows one to determine the
location/zone of RRA within which the tags are located from polarity of the signals.
Bridge signal from tagA always has its signals that correspond to Srmodu=0n is lower
than when Srmodui=0ff (i.e. it has negative sign, or decreasing trend). On the hand, on an
average, the bridge signal from tagB when its Srmodu="0n’ is always at higher level
relative to its reference signal when Srmoau="0ff" (i.e. it has positive sign or increasing
trend). Thus, the overall results from equivalent circuits, FEKO simulations and
experimentations point towards the same conclusions as clearly discussed within this

chapter.

5.8 Summary

In this chapter, we have discussed the characteristics of the impedance changes of a
single loop as well as bridge reader antenna. The behaviour of the bridge signal due to
tag’s load modulation has also discussed. We have identified methods to effectively
breakdown the bridge signals associated with multiple tags. Simple algorithms that can
be used to obtain location and orientation using information from each tag are also

presented.
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Chapter 6

Conclusions

6.1 Overview

In this chapter, major conclusions based on the contribution made from this thesis
are presented. Firstly, a summary of the work reported in chapters of the thesis is given.
It is then followed by key of contributions that are brought out by each chapter. Finally,

ideas for possible future extensions of the thesis are highlighted.

6.2 Summary of the thesis

This thesis presents a novel method to improve positioning and localisation of any
moving object using HF RFID by introducing a new concept of bridge loop reader
antennas. The key issue in question is as to how the reader recognition area (RRA) can
be manipulated to improve HF RFID based positioning of moving autonomous
wheelchair in indoor environments. For addressing various aspects of this issue, the
relevant analysis and experimentations are divided into four main chapters (chapter-2 to

chapter-5).

Chapter2

The concept of bridge antenna for HF RFID reader and how it can make changes to
the reader recognition area is introduced in this chapter. The possible variations of
bridge reader antenna configurations are identified, and both electromagnetic
simulations and measurements on prototypes are carried out with the results plotted
for analysis. The model used in electromagnetic simulations using FEKO are
discussed. The practical issues in the design and fabrication of prototypes are
presented. The bridge antenna performance in term of the induced H-Fields is
evaluated at a plane on which tags are positioned and the resultant results of bridge
potential signal are analysed. The comparison between simulation and measured
results have shown good agreement confirming the usefulness of the concept of

proposed bridge antenna. It is identified that the main aim of the proposed bridge
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antenna is to split the reader recognition area into multiple zones without the need of
multiple readers or switches so as to make the resultant system simple and cost

effective.

Chapter3

This chapter describes the effect of proximity of metallic objects on the magnetic
field produced by the bridge loop reader antenna. Equivalent circuits for induced
magnetic fields for various scenarios that may occur in the localisation are proposed
and methods to overcome the effects of metallic object on the bridge signals are
suggested. The proposed techniques to improve the performance of the proposed
bridge loop antenna have been validated using experimental campaigns and full
wave electromagnetic simulations. The findings of this chapter help to improve the
application of proposed bridge loop reader antenna for positioning and localisation

of moving object even in the presence of metallic obstruction.

Chapter4

This chapter focuses on techniques of localisation of an autonomous wheelchair
using HF RFID reader. Methods to improve the positioning when floor tags are
sparse placed in a grid is investigated. Novel position and orientation algorithms are
proposed which gain fully employ the bridge potential. The proposed system allows
sparser floor tag infrastructure leading to lower cost and flexible tag deployment that
can adapt to any indoor localisation scenarios. Simulation and experimental results
and the comparison with existing techniques show significant improvement in
positioning accuracy even for large tag separations, thus ensuring tag-grid sparcity.
Our studies also indicate that for HF RFID based positioning, a larger reader
recognition area may not necessarily cause higher uncertainties when the bridge

antenna is employed.

Chapter5s

In this chapter, the variation of the impedance due to tag’s load modulation for a
single loop reader antenna as well as the bridge loop antenna is investigated.
Methods have been proposed to effectively identify the bridge signals associated

with the tags when multiple tags are detected by the reader. Algorithms that can be
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used to obtain location and orientation are presented for scenarios when tag-grid is
not sparse. The findings in this chapter further improve the capability of HF RFID
based positioning to quickly estimate the position and orientation of a moving object
when it requires to be navigated while moving along a constrained indoor path

without the need of additional sensors.

In general, all the chapters have addressed the applicability of the concept of bridge
loop antenna for HF RFID based positioning of moving objects such as wheelchairs etc.
that is useful for indoor positioning. The key design issues as well as methods for
improvement have been investigated which resulted in novel algorithms that can
effectively utilise the available information to provide navigation. In a nutshell, the
proposed system overcomes the limitations of the existing techniques reported in

literatures.

6.3 Summary of Original Contributions

The following are the summary of the contributions resulted during the period of
PhD candidature.

1. Manipulation and characterisation of the reader recognition area (RRA)

Intensive analysis has been carried out considering the region of reader recognition
area (RRA) that is able to reduce uncertainty in HF RFID based positioning. Our
study on magnetic fields from various loop antennas that are employed in readers,
has established that the RRA can be confined within a more stable and consistent
area by inputting proper excitation current to the reader. This ensures that an
optimum level of magnetic field is produced to interrogate the chosen floor tags that
are located within the desired RRA. This original contribution has led to many other

contributions as described below.

2. The use of bridge potential for finding the position

This is one of the key contributions of this thesis. For the first time in the open
literature, a bridge potential and its realisation using bridge loop antennas for
improving localisation is reported in this thesis. This concept brings significant
improvement for HF RFID based positioning and localisation as demonstrated by

various measurements and simulations in this thesis. In addition, methods for
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increasing the positioning accuracy in terms of estimation of position as well as
orientation of an object using RFID tags are also proposed in this thesis. Use of
bridge potential allowed the use of lesser number of floor tags (by increasing the
inter tag separation) while at the same time not reducing the levels of positioning
accuracy. The use of lesser number of tags (sparse tag grid) simplifies the

deployment, which contributes to easier expansion of the tag infrastructure.

3. Investigation of different types of bridge antennas

In this thesis, we have also proposed different types of bridge antennas for obtaining
the bridge potential. The bridge antennas are classified in terms of the number of
bridges used as well as the shape of the individual loop elements. Three types of
bridge antenna models and their prototypes have been presented, they are: i) Single
bridge rectangular loop reader antenna; ii) Single bridge triangular loop antenna;
and iii) Multi bridge loop antenna in the form of (dual bridge rectangular loop).
Their performances in term of the levels of magnetic fields radiated and the bridge

signal produced have also been evaluated.

4. Egquivalent circuits to study the performance of the bridge antenna

We proposed equivalent circuits for the study of bridge antenna. The equivalent
circuits are significantly useful to study the behaviour of loop antennas and bridge
potential. In particular, they help to simplify the understanding of the bridge signal
produced by bridge loop antennas, and avoid complex computations. Our results
show that the equivalent circuits agree well with full-wave electromagnetic
simulations on realistic models and environments using the commercial simulation

tool known as FEKO.

5. Methods to improve bridge antenna performance to reduce interference from
surrounding metallic objects

For indoor localisation of moving objects, the interference due to surrounding

metallic objects is of concern. We proposed methods to identify and remove

interference from metallic structures have resulted in well help to produce the usable

bridge potential signal even in the presence of interferences. This interesting finding

helps to make positioning and localisation more reliable in realistic indoor

environments where metallic objects are usually present.




Chapter 6: Conclusions 158

6. Algorithms for Position and orientation estimations

Algorithms for position and orientation estimations using information from RFID
reader and the bridge potential signal from bridge antenna have been proposed to
perform with either densely or sparsely placed tags. The proposed algorithms have
been tested using measurements made in a real indoor environment. Detailed
comparison with the existing techniques in literature demonstrates the superiority of
our proposed methods in localisation. As indicated in the table below, the proposed
method offers 79% improvement in positioning accuracy as compared to 52% and
65% achieved by recently published methods in [13] and [23] respectively. In
addition to that, the proposed technique is advantageous as it can work with sparser
floor tag grid in which larger inter-tag separation. A comparison with existing
methods reveal that the technique can work even when inter tag separation is 130cm
as indicated in the table. The main reason for the significant improvement is that the
proposed technique utilises the bridge potential signal. This comparison indicates
that the proposed technique can be highly useful in improving HF RFID based

localisation and positioning especially in indoor environments.

Table 6-1: Performance comparison between the proposed method versus methods in recent

literature.

~ Improvement over maximum uncertainty
o Tag separation ] ]
Positioning Methods using min-max method (Equations 1-2)

(duag cm)
“ in [11]. (%)

Sunhong’s [13] 34 52
Choi et al [105] repeated in
[23] at sparser tag separation, 50 65
(RFID system + Encoder)
Our proposed method

130 79

presented in chapter-4

7. Methods to incorporate object dynamics with HF RFID measurement
We proposed methods to incorporate the information on object dynamics (which is

derived from wheel encoders of a moving vehicle) to further optimise the
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performance of the system. The implementation of this technique does not require
additional hardware. When a moving object to be localised is equipped with a wheel
encoder, the proposed algorithm has the capability to utilise the information from
wheel encoder to further improve the positioning accuracy of the object. The
algorithm is unique as compared to any existing techniques in literature because of
the utilisation of temporal potential bridge signals. The algorithm uses the recently
recorded position by the RFID reader, and the wheel encoder data is taken for a
short travelled distance i.e. about the distance between current and previous detected
tags. Thus, the errors associated with wheel encoder data are minimised.
Improvements in orientation estimation using the proposed technique as compared

to the recently published method in literature [12] is indicated in table below.

Table 6-2: Comparison for estimation of heading angle/orientation between the proposed

method versus conventional method

o Average values
Estimation methods . )
Orientation Error (Degree)

Method by S. Park [12] 14.80

Proposed method with bridge-loop 451
antenna '

8. Improving HF RFID based positioning using tag’s load modulation

We have shown that tag’s load modulation can be useful to improve positioning
with HF RFID with bridge loop antenna when multiple tags are present within RRA
of the bridge reader antenna. In particular, we have shown that, the difference
between two levels of bridge signals associated with the states of tags is useful for
identifying the location of the detected tags, either they are within RRA1, or within
RRA2. Methods to acquire bridge signals under this mode of operation are also

presented.

9. Methods to separate bridge signals when multiple tags are detected

When multiple tags are present, the positioning with bridge antenna gets
complicated because information from all tags is available simultaneously which
prevents use of the resultant bridge signal directly. Our proposed method separates

the bridge potential signals from each tag which helps to extend the capability of the




Chapter 6: Conclusions 160

HF RFID based system. It then allows instantaneous position estimation to be
obtained with much better accuracy and more importantly, it also improves the
orientation estimation. This can be useful when the object has to move within a
constrained path (such as narrow corridor etc.) where accurate positioning is

required.

10. Validation of the techniques through experimentations

Significant efforts have been devoted to design and fabricate experimental
prototypes to validate the proposed concepts. The techniques and the algorithms
have been validated using measurements in realistic metal floored indoor

environments.

6.4 Scope for future work

The works reported in this thesis can be further extended as below:

1. Investigation for arbitrary shaped loops for use with either a single bridge or
multiple bridges for HF RFID reader antennas

In this thesis, we only consider rectangular and triangular shapes for the loop
elements. It is interesting to investigate other loop shapes (which can be arbitrary in
shape) and at the same time considering using them with multiple bridges. This can
be useful if one wants to maximise the size and shape of the reader recognition area

(RRA).

2. Evaluate the concept of bridge antenna for higher frequencies such as UHF
This is another interesting topic to be considered. It possesses great challenges
because the current within the loop need to be almost constant at any instant of time

which is relatively easier to achieve at lower frequencies than UHF.

3. Integration of both short range and long range RFID for positioning systems
The combination of HF RFID and UHF RFID can bring improvements to the system

since the two technologies could complement each other’s limitations and strengths.

4. Investigate the use of bridge antenna for specific design applications such as

portals, conveyers, item sorting systems, etc
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The proposed concept of bridge antenna is novel and has not yet been fully
investigated on other areas of localisations. In this thesis we highlighted the general
concept and demonstrated using application in positioning. It however can be

extended for other areas which can benefit from the concept.
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