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Abstract 
On the request of government's transport authority, SANRAL, the North-west 
University was requested to investigate the applicability of using passive ultra-
high frequency (UHF) radio-frequency identification (RFID) for vehicle identifi
cation. 

This work focuses on the characterisation of the physical channel of passive 
UHF RFID for the purposes of electronic vehicle identification (EVI). 

A literature study was done on the principles of RFID, radio-wave propaga
tion, fading, elctro-magiietic (EM) modelling, and simulation. 

An EM modelling package, SuperNEC, was used to resolve static frames of 
EM environments. An addition to the SuperNEC package was created for analysis 
of moving vehicles. 

Models of an RFID reader antenna assembly, tag and discrete vehicle classes 
were developed, which resulted in five main classes of vehicle models. The orien
tation angle of the reader antennas, the length of the interrogation zone, and the 
magnitude of reflected power from metal surfaces were determined from simula
tions. 

From the simulations, it was possible to draw profiles of the power received 
by tags, as well as the energy reflected from metal surfaces on vehicles. 

Results from simulations were analysed and the optimum reader orientation 
was found, interrogation zone lengths were found, and bench-marks for reflected 
energy were found. An alternative placement of tags on bus and truck windscreens 
was also a result. 

The initial goal was achieve, namely to address the risk of unknowns in the 
UHF environment. This work thus serves to support the use of UHF RFID in 
EVI applications. 
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Uittreksel 
Op vcrsoek van die regering se vervoer outoriteit, SANR.AL, was die Noord-
wes Universiteit versock om die toepaslikheid van passiewe ultra-hoe frekwensie 
(UHF) radio-frekwensie identifikasie (RFID) vir voertuigidentifikasie te onder-
sock. 

Hierdie werk fokus op die karakterisering van die fisiese kanaal van passiewe 
UHF RFID vir die gebruik in elektroniese voertuigidentifikasie (EV1). 

'n LiLeratiiurbtiidie was uitgevoer op die beginsels van RFID, golfvoortplaning, 
deining, elektroniagnetiese (EM) modellering en simulasie. 

'n EM modelleringspakket, SnperNEC, was gebruik om statiese rame in die 
EM omgewing op te los. 'n Byvoeging tot SnperNEC pakket was geskep om 
sodoende bewegende voertnie te kan analiseer. 

Modelk: van 'n RFID lesersainestelling, etiket en diskrete voertuigklasse was 
ontwikkel om vyf klasse van voeriuie te lewer. Die orieiiteringshoek, lengLc van 
die ondervragingsone en die grootte van gcreflekteerdc drywing was onttrek uit 
simulasies. 

Uit die simulasies was dit nioontlik om proficlc van ontvangdc drywing (by 
etikette) sowel as gereflekteerde energie van metaaloppervlakke te teken. 

Result ate van die simulasies was ge-analiseer en die optimale leserorintasie, die 
lengtes van ondervragingsones en prestasieinaatstawwe vir gcreflekteerdc energie 
was verkry. 'n Alternatiewe plasing van etikette op busse en vervoertrokke se 
windskenns is ook 'n resultaat. 

Die aanvanklik doelwit was geliaal in die sin dat die risiko rondom onbekendes 
in die UHF omgewing aangespreek is. Hierdie werk dien dus om die gebruik van 
UHF RFID te ondersteun in 'n EVI toepassing. 
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We just have these mysterious 
electromagnetic waves that we 
cannot see with the naked eye, 
but they are there. Its of no use 
whatsoever... 

Ileinrich Rudolf Hertz 

Introduction 

1.1 Chapter overview 
This chapter provides an overview and rationale of the work that was done on the 
definition of the passive utlra-high frequency (UHF) radio frequency identification 
(RFID) physical channel. 

1.2 Research overview 

The South African government, through its transport authority, expressed inter
est in passive RFID as a means of implementing automatic vehicle identification 
(EV1). In this regard, the transport authority considered two physical imple
mentations of identification, namely electronic license discs (ELD) and electronic 
number plates (ENP). In order to minimise risk, the transport authority requested 
the North-West University to investigate the feasibility of using ELD in practise. 

In our framework, there are two major considerations with passive UHF RFID, 
namely (i) the communications channel's physical layer (hence, its characteristics) 
and (ii) the data-link layer of the communications protocol, that is, the charac
teristics of the actual interrogation and data transfer. The above layers work 
together to provide a reliable channel for communication - without a good physi
cal layer, the data layer cannot operate, and without a good data-layer protocol, 
it doesn't matter if a good physical channel exists. 

Chapter 1 
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1. I N T R O D U C T I O N 1.3 Research focus 

The first consideration, namely the characteristics of the physical channel, is 
of concern in this work. The data-link layer falls outside the scope of this work 
but was also addressed as part of the overall investigation. 

1.3 Research focus 

1.3.1 Context 
The following key aspects are of importance when considering the physical layer's 
characteristics: 

1. Length of the interrogation zone. This is important because illumination 
of the tag depends on the travel distance during which the tag receives suf
ficient RF energy to power up and operate. In addition to all the physical 
characteristics of the channel, a tag's minimum power-up level, the charac
teristics (beam width, orientation, and gain) of the transmit antenna, and 
the reader's output power are also major external considerations since they 
determine the length of the interrogation zone; 

2. Level of RF energy within the interrogation zone. This is important since 
highly variable energy levels may result in tags that power up and down 
when moving through the interrogation zone, in turn resulting in erroneous 
reads or repeated restarts. A tag's persistence and protocol arc thus also 
external considerations and are of critical importance; 

3. Reflected energy from metal surfaces. When vehicles move through under
neath a reader, energy from the RF transmitter section inside the reader 
is reflected back into the reader's RF receiver section. Reflected RF lev
els vary over time (as the vehicle moves through the interrogation zone) 
and thus cause power-level variations in the receiver's front end, automatic 
gain control, and IF section(s). Therefor, the receiver's saturation levels, 
ability to deal with variable power levels (AGC and baseband processing), 
and the general robustness of the receiver (for example the synthesiser / 
phase-locked loop and buffer amplifier's reverse isolation) are external con
siderations that are also of importance. 

2 



1. I N T R O D U C T I O N 1.3 Research focus 

In order to understand the physical channel it was necessary to: 

1. Research existing literature on the physical characteristics of channels, of 
which almost no information was found (most likely due to the confiden
tiality of work done by businesses); 

2. Study modelling tools and implement a framework for modelling reflections 
from passive UHF RFID tags. Modelling tools for modelling reflections was 
not readily available and a significant amount of effort went into the setup 
and configuration of existing electro-magnetic (EM) modelling tools to per
form the required functions. In addition, the automation of vehicles that 
move through a reader's field had to be implemented by writing additional 
tools capable of controlling the EM modelling tool; 

3. Mode] different vehicles and run simulations using the modified modelling 
tools. It is important to note that this was not a trivial task since the 
parameters for modelling were not apparent at the onset of this work. Tins 
resulted in a number of iterations until sufficient resolution was achieved; 

4. Analyse and document results. 

1.3.2 Research outcomes 

The primary focus of the research can be stated as: 

Characterisation of a typical physical layer of a passive UHF RFID communi
cations channel in an EVI environment. 

Additional outcomes include: 

1. Capacity building in terms of UHF RFID modelling. This will leave, behind 
knowledge on EVI, SnperNEC modelling and EM modelling (in general) at 
the North-West University; 

2. Reports to the government and standards committees (!SO,SABS,StanSA) 
in the results from this work 

3 



1. I N T R O D U C T I O N 1.4 Overview of the thesis 

1.4 Overview of the thesis 
The introduction provides an overview and the rationale of the work that was 
undertaken; 

The chapter on literature survey provides a point of reference with regards 
to existing knowledge in the fields of RFID. modelling, RF Propagation and sta
tistical channel modelling; 

The chapter on methodology details the methods and processes that were used 
in order to achieve the research outcomes as stated; 

The simulation results provide all of the results obtained, both simulated and 
otherwise, and provide an analysis and interpretation of these results; 

Finally, the conclusion is a summary of all work that was done and includes 
a critical evaluation of the applicability of the results that flowed from this work. 

4 



Chapter 2 

Literature Survey 

2.1 Introduction 
This chapter provides the context and theoretical framework within which this 
work is completed. Therefore, the chapter starts off by introducting the concept 
of an intelligent traffic system and indicates how RFID can be used as an enabling 
technology. A brief overview of RFID is then given, covering aspects such as op
erational parameters and advantages and disadvantages of the RFID technology 
itself. 

A more detailed approach is then followed as the operating principles and 
the expected environmental effects are discussed, and underlying concepts and 
equations arc given. A brief overview of current directions in the sirmilation of 
EM environments is provided, specifically in terms of the modelling aspects and 
also specific methods that can be used to generate the required solutions. 

2.2 Intelligent Traffic Systems 

The ever increasing demands placed on transportation systems have lead to the 
adoption of technology to aid in the management of all aspects of traffic manage
ment- Collectively, technologies used for managing transportation infrastructure 
are referred to as intelligent transportation systems (ITS) [5], Advances in technol
ogy have made services such as automatic toll collection and photo identification 
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2. LITERATURE SURVEY 2.3 Electronic Vehicle Identification 

of vehicles possible and somewhat commonplace. It is therefore unlikely that a 
decline in the use of automatic vehicle identification systems should occur. 

2.3 Electronic Vehicle Identification 

The basic premise of EVI is that identification (and other relevant) information is 
securely stored aboard a vehicle in a digital form. This required information can 
be accessed via a wireless communications interface such as UHF RFID readers, 
amongst other types of reader technologies[5, 6, 7]. 

Advantages of UHF EVI include but are not limited to [5, 6. 7]: 

• Improved efficiency and reliability over existing optical systems; 

• Applicability to law enforcement; 

• Generation of road usage data; 

• Provision of customised data to a driver; 

• Provision of more detailed data to ITS. 

The advantages of EVI are certainly promising, and the continued drive to
wards intelligent transportation systems necessitates the implementation of EVI 
systems. Regardless of the implementation challenges faced by EVI, several suit
able technologies exist for the implementation of EVI. However, not all of the 
suitable technologies have been specifically been developed for EVI applications. 

2.4 RFID based EVI 

Radio frequency identification, or RFID, uses radio waves or magnetic variations 
to identify a tagged object [1, 8]. In the case of RFID based EVI, the wireless 
interface requirements are handled by using RFID physical and data-link layers. 
A typical RFID based EVI system would be similar to Figure 2.1. 

With reference to Figure 2.1, a vehicle is fitted with a transponder - referred 
to as the tag - which contains identification information. This information is read 

6 



2. LITERATURE SURVEY 2.5 RFID challenges 

Travelling direction ^ 

Figure 2.1: Simplified RFID based EVI scenario 

from the tag wirelessly by the reader upon which the information serves as input 
to the ITS. Although this is a significantly simplified scenario, it docs illustrate 
the general concept. 

The remainder of the system gathers and stores all RFID information, sends 
information to a central location, and processes information for operational use. 
The remainder of this system falls outside the scope of this work. 

2.5 RFID challenges 

Even though the use of RFID in the EVI market is gaining momentum at a rapid 
rate [9], implementing RFID in a practise is not a trivial issue. Several factors 
play a role in the effective use of RFID in this context - these are discussed in 
the sections that follow. 

2.5.1 Operational requirements 

Operational requirements refer to all the requirements made by the ITS on the 
EVI subsystem. This may be specified on either a system-wide basis or on a 
more location-specific basis. Regardless of the locale, operational requirements 
include, but are not limited to: 

• Maximum reliable read range; 
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2. LITERATURE SURVEY 2.6 Radio frequency identification 

• Minimum and maximum vehicle speed; 

• Reliability in terms of effective read performance. 

All of the above factors impact design decisions when RFID is implemented. 
Additionally, environmental factors must also be taken into account as this will 
affect the reliability of the RFID system. 

2.5.2 Operational environment 

The physical environment affects the entire system and, as such, factors such as 
humidity, temperature, and moisture are critical and will have an influence on the 
RFID equipment. Radio frequency communication is affected by environmental 
requirements - these parameters include: 

• Available bandwidth and operating frequencies as a regulatory requirement; 

• Propagation environment as an electro-magnetic requirement; 

• Humidity (such as rain), temperature, corrosion and other environmental 
conditions. 

The environmental factors do play a role in the performance of the RFID 
system in the sense that all equipment (including antennas) shall be subjected 
to these conditions. This is sometimes overlooked when systems are specified for 
operational use. 

2.6 Radio frequency identification 

In many ways the main application of RFID is to replace barcodes found on 
everyday products. RFID is a more powerful, but also more complex, means of 
identifying items. As such, a thorough review of the functionality of RFID as a 
whole is done for the sake of completeness. 
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2. LITERATURE SURVEY 2.6 Radio frequency identification 

2.6.1 Terminology 

As with any technology, RFID has its own set of technology-specific terminology. 
The list below repeats the commonly used terms for the sake of clarity: 

Tag: A device used to provide identifying information that is read by an inter
rogator. Typically affixed to an item of interrest; 

Interrogator: A device capable of reading data from, and writing data to a tag. 
This term is preferred in the literature although reader is also commonly 
used; 

Interrogation zone: The area in which tags can be read by the interrogator. 
Interrogation field or beam is also used but can be confusing if used out of 
context; 

Read range: The maximum distance at which a tag can be read reliably by an 
interrogator; 

Read rate: The rate at which a tag will be repeatedly read by an interrogator. 

2.6.2 Brief summary of RFID history 

The concept of RFID is not new. In fact, RFID has been present for decades 
before the recent adoption of the technology, specifically by retailers and other 
players in the supply chain markets. The similarities between RADAR and RFID 
are quite substantial, to such a degree that in the current context, 1930's RADAR 
could be considered to be passive RFID [1]. The basic concept of RADAR is that 
a signal is transmitted, reflected (or backscattered) by a target object with a 
specific radar cross section (RCS), and is then received again. A comparison of 
the received signal with the transmitted signal can indicate the presence of an 
object and could also provide digital information about the target. 
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2. LITERATURE SURVEY 2.6 Radio frequency identification 

2.6.3 Operating frequencies 

RFID functions at a number of different frequencies, ranging from LF (in the kHz 
region) to HF (in the lower MHz region), to UHF (in the upper MHz region to 
lower GHz region). A brief discussion of the different frequency ranges is given 
below. 

2.6.3.1 Low frequency 

In this region devices use frequencies below 300kHz and thus use inductive cou
pling to facilitate communication between the tag and the reader. This system 
is mainly used for contact-less access control and implanted tags used for animal 
identification. Due to the nature of the inductive coupling, the read range is 
typically not further than 50cm and data transfer rates are also low [8]. 

2.6.3.2 High Frequency 

Systems that use higher range of frequencies from 3MHz to 300MHz, to commu
nicate between the tag and the reader, are referred to as HF tags. Typically, these 
systems find applications in building access control and can achieve read distances 
of up to 3m at improved data rates |8]. Obviously, the operating distance depends 
on the physical construction of the readers and tags, and performance specifically 
depends on the construction of the reader and tag antennas. 

2.6.3.3 Ultra high frequency 

Ultra high frequency falls in the 300MHz - 3GHz band and offers the longest read 
ranges at approximately 10m [8]. Data transfer rates are higher than HF due 
to improved directionality and energy transfer, as well as improved backscatter 
characteristics. The advantages of UHF are counter balanced by the susceptibility 
of UHF to propagation effects that do not affect LF and HF as severely. 

2.6.3.4 Overview 

Not all of the available frequencies, indicated in the above sections, can be used 
for RFID purposes due to spectrum restrictions. Fortunately, the ISM frequency 
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2. LITERATURE SURVEY 2.6 Radio frequency identification 

bands are royalty free bands that are available globally as defined by a local 
regulator. As a result, certain frequencies have been selected within the ISM 
band solely for RFID use. These frequencies are included in Table 2.1 which 
provides a comparison between the various frequency options [1]. 

Table 2.1: RFID frequency comparison 

Frequencies ISM frequencies Read range 
LF 30-300kHz 125kHz 0.5m 
HF 3-300MHz 6.78,13.56,27.125,40.680MHz 3m 
UHF 300MHz-3GHz 433,869,915,920MHz 10m 

2.6.4 Device classes 

The evolution of RFID has led to several distinct types of hardware that im
plement the functionality required by RFID tags. This section provides a brief 
overview of the these types and discusses both the advantages and disadvantages 
of each class. 

2.6.4.1 Passive 

Passive RFID is the simplest possible implementation of an RFID tag from the 
tag's point of view. Referred to as passive tags, these devices contain no power 
source or dedicated radio transmitter on the tags themselves and are dependant 
on the interrogator1 for both power and communication. During interrogation, an 
interrogator transmits energy with which to power up tags. Passive tags convert a 
portion of the energy in the carrier wave to power-up tag silicone. Since no radio 
transmitter is available on the tags, passive tags make use of backscattered energy 
to communicate to an interrogator. Backscattering modulates the impedance of 
an antenna in order to modulate radio waves transmitted from the interrogator [1] 
Figure 2.2 is a typical passive tag. Since these tags are simple and cost-effective, 

1 Synonymous with reader and preferred in some literature 
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reader 
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power for tag and 
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backscattered 
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Figure 2.2: Passive RFID tag [1] 

they are also the most likely to gain widespread adoption for item identification 
purposes. 

2.6.4.2 Semi-active 

Semi-active tags contain no dedicated radio transmitter but, unlike passive tags, 
do have additional power sources. This allows semi-active tags to communicate 
over longer distances, using the backscatter similar to purely passive tags [1] 
Although semi-active tags are more complex and costly to produce than passive 

power for radio \ 

\ 7 , / V ) 1 7 
reader 

( ( ( < < 
battery 

( ( ( < < ^ ■ ^ ^ ^ H l.i. 
PI11C043FJ3 backscattered ■ & ■ LH .;■*-

signal for tag 

Figure 2.3: Semi-active RFID tag [1] 

tags, the capability of these tags to log data can be of great value. A possible 
application could be temperature logging for fresh produce in order to verify the 
integrity of a cold supply chain. 
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2.6.4.3 Act ive 

Several key differences set apart active tags from passive and semi-active tags. In 
addition to the power source of semi-active tags, active devices also have dedicated 
radio transmitters |1]. This allows active devices to communicate without the 
need for an interrogator - a simplistic receiver is used- and also to support peer-
to-peer communication. In a broad sense, active tags can be seen as motes in 
a wireless sensor network. However, the additional functionality comes at an 
increase in cost, complexity and physical device size. Currently active RFID is 
most prolific in vehicle fleet management and related markets. 

( ( . ( ( < T 
transmitted signal 
from tag 

battery 

power for tag and radio 

Figure 2.4: Active RFID tag [1] 

2.6.4.4 Overview 

From the preceding sections it is clear that each of the device classes offers cer
tain attractive characteristics and that the optimal use of a specific technology 
would be achieved if the requirements are as closely matched to the feature set 
as possible. Although the cost per device is a major factor, it should be weighed 
against the value of the information that the system provides. 

Table 2.2: RFID device class comparison [1] 

Cost Size Range 
Passive Low Diminutive Shortest 
Semi-active Higher Small Medium 
Active Highest Large Limited by transmitter 
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2.6.5 Communications protocols 

Any communication takes place according to a specific protocol and RFID is 
not different in this regard. This section briefly discusses RFID communication 
protocols. 

2.6.5.1 E P C 

The electronic product code (EPC) protocol was developed for RFID applications 
that are specifically earmarked to replace barcodes. As a result, the protocol is 
very extensive and allows end users to configure the devices with a wide variety 
of additional options. EPC is referred to as an interrogated protocol [1], which 
implies that a dialogue takes place between the interrogator and the tag in order 
to retrieve data from the tag. 

2.6.5.2 TOTAL 

The TOTAL protocol was developed to reduce data and interrogator overhead and 
the associated processing time of EPC. The basic operating principle of TOTAL 
is that a tag only talks after listening. Thus, once a tag enters the interrogation 
zone it broadcasts its data to the interrogator only after listening for modulations 
from other tags. 

2.6.5.3 iPX 

iPx is a proprietary protocol developed by iPico Inc. that aims to further increase 
the speed at which tags can be read. This protocol transmits its code according 
to an ALOHA principle, starting the moment when sufficient energy is received 
for power-up. 

2.6.6 Closing comments 

In the preceding section a very brief overview of RFID as a technology has been 
provided. The discussion is brief since it forms limited part of the work done in 
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this study, but is included for the sake of completeness. Considering the require
ments of the EVI scenario, the following combination of factors contributed to 
the selection of passive UHF RFID as the specific RFID implementation required: 

Cost : Since the cost of tagging each vehicle has to be kept to a minimum, passive 
RFID has was selected by the transport authority; 

Read range: In order to get the maximum possible read range, UHF needs to 
be used; 

Protocol: In an EVI scenario fast and accurate reads times are required. As 
such, either the EPC or TOTAL protocol will be used. 

For a more detailed study of RFID, specifically passive UHF RFID, the reader is 
referred to [1], 

2.7 Radio propagation 

This section will provide a brief overview of radio communications and radio 
propagation. In particular, this section covers only the critical aspects related to 
the physical implementation of RFID (the subject matter is rather extensive and 
the reader is referred to the bibliography for several excellent sources). 

2.7.1 The communications channel 

The transmission of information via a transmitter and receiver pair through a 
medium, be that wireless or otherwise, can be viewed as a basis of a communica
tion system. Figure 2.5 depicts a generic communication system as described by 
Shannon in [2]. The detailed definitions and mathematical models of the infor
mation source, channel model, channel capacity and the definition of information 
can be found in [2]. 

The transmitter transforms a message to a suitable form for transmission via 
a physical medium. Antennas are critical in this sense. The receiver performs 
the inverse of the transmitter and the antenna is again of critical importance. 
By definition, the channel is the medium through which the transmitted signal 
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(TXs) propagates, after which it aids to generate the received signal (RXs) at the 
receiver. The noise, present in the channel, acts to deform the propagating signal 
and is defined by the exact nature of the noise source, which varies according to 
a specific medium [2, 3]. In order to accurately characterise a communications 
channel, a detailed look at the propagation mechanisms of the medium is required. 

s ! ^ ^ Destination 
■ 

Message 

Channel 

Figure 2.5: Generic communications system. From |2] 

2.7.2 Propert ies of electromagnetic waves 

2.7.2.1 Maxwell's influence 

Maxwell's equations, developed in 1865, had the direct consequence of predicting 
the existence of electromagnetic waves and also specified the relationship between 
a time-varying electric field vector E and a time-varying magnetic field vector 
H. Although several solutions can be found for Maxwell's equations, a common 
approach is to use a method referred to as the sum, of plane waves [3] as this yields 
the simplest time-varying solution. Figure 2.6 shows a plane wave travelling in the 
positive z direction at time t. According to Maxwell's equations, the oscillating 
magnetic field generates an oscillating electric field, which in turn, generates an 
oscillating magnetic field as defined by the vector curls of the fields. Surfaces of 
constant phase forms planes parallel to the xy plane and are referred to as plane 
waves [3]. 

Information 
Source Transmitter 

Message 

TXs Y RXS 

Noise 
Source 

Receiver 
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Figure 2.6: A propagating plane wave. From [3] 

2.7.2.2 The Poynting vector 

The vector in the direction of travel is referred to as the Poynting vector S with 
units of W/m2 ■ With reference to figure 2.6, the Poynting vector indicates the 
direction of propagation (in the direction of the z axis) and the power density, 
which is normal to the Poynting vector (in this case parallel to the xy plane [3]). 

2.7.2.3 Polarisation 

The alignment of the electric field vector E relative to the Poynting vector S is 
referred to as the polarisation of the wave [3]. Similar terminology is commonly 
used in antenna literature [10]. In the case of figure 2.6, the wave is polarised in 
the x direction. The most common types of polarisation are linear, cross, circular, 
and elliptical [3, 10]. 

2.7.3 Antenna fundamentals 

2.7.3.1 Radiation pattern 

The radiation pattern of an antenna can be defined as the relative power distribu
tion of radiated fields, measured in the far-field region of a specific antenna[3, 4]. 
With reference to figure 2.7, it is possible to describe the radiation characteristics 
of any antenna over a constant radius path or surface using only the azimuth 
and elevation angles 9,(p [4]. Radiation patterns have several key areas or regions 
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Elevation plane/ 

X Azimuth plane 

Figure 2.7: Spherical coordinate system used for antenna analysis. Adapted from 

[4] 

as is illustrated in figure 2.8. Of importance is the half power beam width, or 
simply the beamwidth, and the main and side lobes, Beamwidth is defined as 
the angle subtended by the -3dB points on the main lobe and is a useful measure 
with which to indicate the rate of divergence of a beam [3, 4]. 

Main lobe 
maximum direction 

Minor 
lobes 

Figure 2.8: Typical radiation pattern. Adapted from [4] 
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2.7.3.2 Gain and directivity 

Antenna directivity is an indication of how well radiated power is concentrated 
in a specific direction 1(9, (p). compared to the total radiated power of a reference 
antenna. Typically, the reference antenna is taken as an isotropic radiator 1. 
Thus, the directivity of an antenna can be expressed as [4]: 

D= / f f l f l I ^ ^ (2.1) 
■Liso 

The gain of an antenna is closely related to the directivity and is defined as the 
ratio of the maximum radiated power to the total radiated power of a reference 
antenna. Gain is typically expressed as: 

G = eD (2.2) 

where e, indicates the effectivity of the antenna. It is common for gain to be spec
ified in decibels, however other common units include the dBi which is decibels 
referenced to an isotropic radiator [3]. 

2.7.3.3 Antenna polarisation 

In general, an antenna is designed to generate waves with a certain polarisation 
as explained in section 2.7.2.3. Should the transmitting and receiving antenna 
pair not be optimally aligned, a polarisation mismatch will occur. This leads 
to a scenario where the receiving antenna will extract less than the maximum 
amount of power from the impinging wave [3, 4, 10]. If the polarisation angle 
of the impinging wave and the polarisation angle of the antenna differ by 7, the 
associated polarisation loss factor is denned as [4]: 

PLF=\cos(>y)2\. (2.3) 

2.7.3.4 Radiation Regions 

Every antenna radiates energy in two regions, namely the near-field and the 
far-field [3, 4], although the near-field can also be sub-divided into an reactive 

def ined in the glossary 
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near-field and a radiating near-field [10]. In the near-field, the antenna is mainly 
reactive and changes in this region affects the radiation patterns in the far-field. 
In the far-field region the wavefronts are nearly spherical and only the power 
radiated at a certain distance is of importance. The transition between the near-
field and the far-field region occurs at a radius R from the antenna: 

2D2 

* = — . (2.4) 

where D represents the largest dimension of the antenna in meters and A is the 
wavelength in meters [3, 4, 10]. Care should be taken if objects are introduced 
into the near-field of the antenna as this can severely change the far-field radiation 
pattern of the antenna. As a result, the reflective objects placed in the near-field 
region of an antenna will also affect the performance of a reader / interrogator. 
This should be taken into consideration when antennas are mounted on gantries 
and other structures. 

2.7.3.5 Free space transmission 

Several methods exist with which to derive equations for transmission in free 
space [3, 4, 10]. All of these methods have the Friis transmission equation at the 
core. Common modifications include the addition of the polarisation loss factor 
and additional environmental losses [4]. The Friis transmission equation states 
that, if two antennas are placed a distance r apart, such that both antennas are 
in the far-field region, the following equation holds for the received power: 

Pr = Gt.Gr.Pt.PLF.(^)7 (2.5) 

where the subscripts t and r indicate transmitter and receiver, respectively. The 

47IT 
A- quantity represents the free space loss [3, 4]. 

2.8 Propagation effects 

2.8.1 Free space loss 

Free space loss refers purely to the reduction in signal strength over distance 
due to the divergence of the radiated energy across a surface. It is important 
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to remember that, in the theoretical case, free space is assumed to be a defined 
inside a vacuum and all antennas are isotropic radiators. Using the theoretical 
conditions, one can derive the free space loss to be[3]: 

Although dry air at standard temperatures and pressures is a relatively good 
approximation to a vacuum, additional losses will be experienced in practise due 
to ground reflections and possible interference from radiators and reflectors in the 
propagation path. 

2 .8 .2 Fad ing 

Fading can be described as the seemingly random fluctuations in signal strength 
experienced by a receiver [11]. This is mainly due to environmental propagation 
impairments and could be described as a stochastic process. In the following 
sections, the effects of fading on a communications system and the mechanisms 
of fading will be discussed. 

2.8.2.1 Effects 

Fading implies that multiple propagation paths are possible between the trans
mitter and the receiver. It is common to use the theory of optics to describe the 
mechanisms of fading as similar factors are present in both optics and electro
magnetics. However, since the number of paths and the exact environment are 
unknown, calculating the theoretical effects of fading is a complex task with rather 
inaccurate results. Due to the difficulties in calculating fading effects, stochastic 
methods are typically employed. 

Fading can be categorised as either fast fading or slow fading [11, 12]. In the 
slow-fading case, the effects of fading vary slowly over time or are experienced 
over larger distances. The main causes of slow fading is diffracting elements such 
as buildings along the propagation path. This effect is commonly referred to as 
shadowing [3, 4, 13]. 

Fast fading, on the other hand, occurs over short distances (typically 0.5A 
to 3A) and is observed as rapid signal variations over time. Fading in a static 
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environment is mainly caused by the reflections of stationary objects as well as 
scattering of waves. In a dynamic environment, either the transmitter or the 
receiver is in motion, which leads to additional effects such as Doppler shifts in 
addition to the reflection and scattering of waves [3, 4, 13]. 

2.8.2.2 Reflection 

The reflections of EM waves from surfaces is treated in a similar way to optics. 
Thus, similar laws hold with regard to the incident wave angle and reflected wave 
angle. It should be noted that a reflected wave is attenuated during the reflection 
process [13]. The degree to which the wave is attenuated is dependent on the ma
terial properties. Reflection occurs when the incident wave encounters a smooth 
surface, comparable to the wavelength in size and the reflection process can be 
predicted with relative accuracy. Figure 4.9 illustrates a wave being reflected. 

Figure 2.9: Reflected waves 

2.8.2.3 Scattering 

Scattering is the process whereby an incident wave is scattered in multiple di
rections. It is especially prevalent over rough surfaces and surfaces that are 
electrically smaller than the wavelength of the incident wave [12]. In figure 2.10, 
the effect of scattering is illustrated when the incident wave encounters a rough 
surface. 
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incident 
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Figure 2.10: Scattered waves 

2.8.2.4 Diffraction 

Diffration can be described as the 'bending} of waves around an object. Typically, 
this is observed as the apparent bending of an incident wave. This phenomenon 
is commonly caused by buildings and is widely encountered in cellular systems 
[13]. In figure 2.11, a simple diffraction scenario is illustrated. 

Incident 
wave 

Diffracted 
wave 

Figure 2.11: Wave diffraction 

2.8.2.5 The Doppler effect 

In a mobile environment, where there is relative movement between the trans
mitter and the receiver, Doppler shift occurs. This has the effect of shifting the 
carrier frequency fc by an amount f& and also changes the phase of the com
bined signal. In [4, 13] equations for the phase shift 0 and frequency shift fD 
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experienced by a mobile receiver are given as: 

A^ = _2£vAtco5(a) ( 2 7 ) 
A 

fD = jcos(a). (2.8) 

In each case, a is the relative angle between the transmitter and the mobile 
receiver. In accordance with standard notation, v is the speed of the vehicle in 
771/5. 

2.8.3 Power-up margin and channel quality 

Literature on the physical aspects of RFID treats the communication channel as 
two separate communication channels [1]. Typically, this includes the channel 
from the reader to the tag, known as the down-link (also known as the forward 
link) and the channel from the tag to the reader known as the up-link (alterna
tively, the backward link). 

Similarly, as the reader is a sophisticated transceiver, it is capable of detect
ing much weaker communication from the tag. This is the main motivation for 
referring to passive RFID as being "forward link limited". 

2.8.3.1 Downlink 

Passive RFID is forward-link limited. It is thus of critical importance to consider 
physical aspects of the tag such as the turn-on power and the effects of transmis
sion losses on the tag itself. Literature gives the power-up level of tags as -lOdBm 
[1], which was typical at the time this work commenced [1]. However, since then, 
tag technology has improved to such a degree that power-up levels of typical tags 
are now -15dBm and below. In order to ensure the validity of the simulations, a 
power-up margin (due to transmission losses) of 5dB was assumed in order to en
sure reliable power-up at -lOdBm. This effectively moans that, for the simulation 
purposes, the power-up level of a tag will be reliably at -lOdBm. The power-up 
margin takes into account the following assumed losses (worst case): 
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On the reader side: 

• Power output tolerance on the transmitted power of ldB (when readers 
are produced in mass quantities it is not uncommon to see characteristic 
tolerances of 2 dB); 

• Antenna tolerance of 1 dB; 

• Cable and connector losses of 0.2 dB (the cables are fairly short and losses 
are not severe); 

• Mismatch losses of 0.5 dB between transmitter and antenna (including pos
sible effects of structures in the environment); 

• Interference of no more than 0.5 dB 

On the tag side: 

• Mismatches between antenna and tag IC of 0.5 dB; 

• Tag IC tolerances of 0.5 dB. IC manufacturers do not provide actual toler
ances on their performance sheets and only provide a minimum power-on 
voltage; 

• Lossy dielectric losses (due to the glass on which the tag is mounted and 
the glue) of around 0.5 dB this needs to be quantified in measurements 
that fall outside the scope of this work; 

• Loading of the antenna (if a fair Q is assumed) of around 0.5 dB this could 
easily be more, depending on the Q of the antenna and the thickness and 
composition of the glass. The assumption is made that the tag design will 
take into account these variations. 

The above losses add up to a value of more or less 4.5 5dB. A pessimistic value 
of 5 dB was used in this work. 
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2.8.3.2 Upl ink 

A reader is capable of detecting very weak signals from tags, typically in the order 
of -50dBm [1]. Due to the large magnitude of backscattered tag power, combined 
with the good sensitivity of readers, the up-link is not of such major concern 
when the operating distance is determined. Aspects such as transmitter-receiver 
isolation and reflected energy are factors when the uplink is considered. This 
work focuses mostly on the down-link limitations. 

2.8.4 Channel models 

As was mentioned in section 2.8.2.1, the effects of fading on a communications 
system are handled mostly in a stochastic fashion. Although the stochastic ap
proach performs well in modelling a specific channel that is defined in the strict 
statistical sence, it would be cumbersome to repeat this process for every vehicle 
model that was analysed. To develop simple transmission equations for a complex 
phenomenon, such as multi-path propagation, is a complex and difficult task to 
accomplish. In the past, channel models were developed [3, 4, 11, 13] with which 
to represent the physical channel when the channel follows specific statistical 
rules. In the following sections, some of the more commonly used models will be 
considered for line-of-sight scenarios. 

2.8.4.1 Ric ian 

The Rician channel model is possibly the most widely used model, where the 
signal is composed of a strong LOS component and several weaker reflected rays 
[3, 4, 13]. The Rician model is based on the PDF of the Rice distribution: 

PR(r) = ±-2e-^V^ /0(i|) (2.9) 
a (J 

With regards to eq. 2.9, 10 is a modified Bessel function of the first kind and 
of zero order [3]. In order to simplify the model, the PDF can be rewritten to 
include a k factor such that [3]: 

P «2 

i _ rLine-of-Sight _ _* rn i n \ 
PMultipath 2(7 

PR(r) = ̂ e - ^ > / * V f c / 0 ( — ) • (2.11) 
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The k factor replaces the multipath power variance as required in eq. 2.9. In 
figure 2.12 the Rician PDF is graphed for various values of k [4] 
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Figure 2.12: Rician PDFs with various k values. From [4] 

2.9 Simulation 
Simulation referes to the process of building a model and performing a solution 
exercise. Simulation can be broken into two distinct phases, namely (i) the mod
elling phase and (ii) the solution phase. These are discussed in the sections that 
follow. 

2.9.1 Modelling 

2.9.1.1 Overview 

The fidelity of a model is a measure of how well the model is suited to the 
specific requirements of the problem [14], The RF/EM environment offers a 
unique challenge in terms of modelling since the smallest environmental detail 
has an effect on an RF/EM environment. It is therefore of critical importance 
to model an environment to a suitable degree of accuracy, without sacrificing 
computational effectiveness. 

K » 3 2 

K = 1 6 

K » 0, Raytelgh 
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2.9.1.2 Wire-grid modelling 

Several methods exist with which to model conducting surfaces. One such method, 
that uses wire-grids, was developed in 1966 [15]. Although this modelling tech
nique is in many ways an over-simplification of reality, it has been shown that 
there is good agreement between surfaces modelled in this way and both mea
sured and manually-calculated results [16]. Studies have shown that the accuracy 
of modelling a surface be means of wire-grids depends on several factors [16, 17] 
most notably the spacing between wires and the radii of the wires in the grid 
themselves. 

2.9 .2 S o l v i n g 

2.9.2.1 Overview 

It is important to consider different modelling techniques that could be used for 
solving EM problems, since modelling is used in this work. The modelling pro
cess generates a specific set of equations that needs to be solved to determine 
the solution of the modelling problem. Although the selected type of solution 
method depends on various parameters, the scale of the problem is a significant 
contributing factor. A brief discussion of available methods is given in the follow
ing sub-sections — for a more in-depth overview of the most common techniques 
available, please refer to Sadiku [18]. 

2.9.2.2 Analytical methods 

A closed-form solution to the problem would be desirable but the ever increasing 
scale and complexity of problems have lead to analytical techniques falling short 
in terms of performance[18]. This has lead to the use of numerical approximation 
techniques with which to determine solutions 

2.9.2.3 Finite element methods 

Finite element methods (FEM) have been used to study electromagnetic problems 
since 1968. The basic concept behind FEM is the discretization of a problem into 
finite elements [18]. Governing solutions are developed on a "per element" basis 
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and then reassembled in order to form a system of equations required for the 
solution. Advantages of FEM are: 

• The ability to handle inhomogeneous media and complex geometries; 

• Solution techniques can be used generically. 

Ignoring product specific optimisations or hybrid solution techniques, the main 
drawback of FEM is its inability to use variable finite element sizes in a single 
problem. For this reason, FEM applications require a boundary to be explicitly 
defined, inside which the solution is then calculated. Since the investigation of 
large scale EM problems would require a large boundary surface to be defined, the 
advantages offered by FEM approaches diminish due to the increase in resource 
requirements. 

2.9.2.4 Method of moments 

The method of moments, referred to as MoM, is a technique that uses a set of 
linear partial differential equations and expresses the linear partial differential 
equations as integral equations. Approximating the PDEs by integral equations 
is referred to as "variability" in the problem domain [18]. The steps of an MoM 
solution are [18]: 

1. Derivation of integral equations; 

2. Discretization of integral equations into matrix form using weighted basis 
functions; 

3. Evaluation of the matrix elements; 

4. Solution of the matrix equation. 

The chief advantage of MoM is that only boundary values are calculated - thus, 
problems of large volume will be solved mode efficiently. MoM performs best in 
problems where radiation and scattering are involved [18]. 
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2.9.3 Software 
2.9.3.1 NEC 

The numeric electro-magnetic code (NEC) method evolved from an antenna mod
elling program in 1977. Since then, NEC has continued to evolve and several 
versions of the code (NEC2,NEC3,NEC4) now exist, with NEC4 being the most 
recent development. Originally, NEC was written in FORTRAN. Several projects 
aimed to port the code to other platforms and programming languages. NEC4 
was developed in the 1990s as an improvement on NEC3. For a complete history 
of the development of NEC, see figure 1 in [19]. All NEC code uses wire-grid 
modelling as well as the method of moments (MoM) to calculate various antenna 
and other EM effects. Several commercial applications, that make use of NEC, 
exist that makes use of NEC both with and without proprietary extensions and 
improvements [20]. 

2.9.3.2 SuperNEC 

SuperNEC is a modelling application that makes use of hybrid method of mo
ments and the unified theory of diffraction . Fundamentally, it uses the NEC-2 
code developed in the 1980's. Since then, the original NEC2 code has been rewrit
ten to comply with object-oriented principles. Futher improvements include the 
addition of several matrix solvers and the ability to run in parallel on a hetero
geneous network of computers [20]. 

To further enhance the functionality of SuperNEC, the use of Matlab® as a 
GUI has also been employed. The addition of Matlab enables SuperNEC to be 
driven via Matlab® scripts. Matlab® scripting was used extensively in this work 
to automate movement of an object through an EM field. 

2.10 In review 

In this chapter, an overview of intelligent traffic systems (specifically the use of 
RFID based EVI as a component of such a system) was given. An overview of 
RFID, its functionality, and characteristics of the technology were provided. 

30 



2. LITERATURE SURVEY 2.10 In review 

The main principles of radio frequency communication were outlined -— this 
lead to a discussion of environmental effects and how these will influence a wireless 
communication system. Finally, an investigation into modelling (specifically with 
regards to EM modelling) and the various solution techniques that are available 
was performed, and specific EM modelling software tools were identified. The 
following decisions were made as to methods and technologies in this work: 

• Passive UHF tags operating at 920MHz were selected since the client, SAN-
RAL, proposed this technology; 

• Independent transmit and receive channels in readers were selected so that 
modelling can be done on different antennas. Due to the geometry of the 
problem, the results in terms of power-up margin and backscatter should not 
differ significantly between single-antenna (monostatic) and dual-antenna 
(bi-static) interrogators; 

• Patch antennas were selected for interrogators since these antennas are di
rectional, cost-effective, and are readily available. Patch antennas are also 
being used in most practical applications; 

• SuperXEC and Matlab® were selected as simulation tools due to the avail
ability of SuperNEC code (in the form of the Poynting software). Also, 
interfacing with Matlab® was a requirement in order to automate vehicle 
movement through an interrogator's EM field. 

31 



Chapter 3 

Methodology 

3.1 Introduction 
This chapter provides information on all the critical methods and models that 
will be used to perform EM simulations. First, a brief discussion on the available 
solution methods and their relative advantages is done. The core models (notably 
the RFID reader and the tag) are developed and characterised, after which the 
available simulation environments are investigated. 

No existing software was available with which to perform the environmental 
simulations (the EM software was available, but the automation of movement 
was not). Hence, the simulation environment was extensively modified in order 
to model moving objects. A detailed overview of the improvements and added 
functionality is provided. The principles of modeling of different vehicles are 
discussed and a summary is provided to conclude this chapter. 

3.2 Solution Methods 

A discussion of EM modeling in SuperNEC is given in this section. The core of the 
modeling problem, in an EM sense, is to determine the power levels at various 
antenna terminals. There was no apparent means of doing this in SuperNEC. 
Thus, a suitable procedure with which to determine the available power at an 
antenna's terminals needed to be devised. An electrical equivalent of an antenna 
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-O-

Z A N T 

Load Antenna 

Figure 3.1: Electrical equivalent of an antenna 

is showTn in Figure 3.1. For optimal power transfer from the antenna to the load 
the load impedance, Z\oad must be conjugately matched to the antenna impedance 
Zant. Given this configuration, there exist two methods with which to determine 
the power that is available at the antenna terminals, namely the power density 
and segment current methods. The power available at the antenna defines the 
power at the load, and thus also the power available to the tag for power-up. 

3.2.1 Power Density 

3.2.1.1 Overview 

The Poynting vector S is used to describe the magnitude and direction of trav
elling waves and is typically expressed as a power density in units of W/m2. By 
making use of the Poynting vector, the power transferred to an antenna can be 
determined by using the antenna's area of reception. This area is referred to as 
the antenna's effective area ,4e, and is typically expressed in m2: 

Pr = SAe. (3.1) 

Equation 3.1 holds if the impedances of the antenna and the load are conjugately 
matched. The power density method was found to unfavourable to determine 
received power due to the lack of certain antenna parameters, as discussed in the 
sections to follow. 
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3.2.1.2 Theoretical shortfalls of power density 

A key aspect of this method is the antenna's effective area. Although the effective 
areas for common antenna structures are generally known [10], it was not the case 
for complex antenna structures. Calculating the effective area can be cumbersome 
and prone to error - this would directly affect the magnitude of the received power 
and the accuracy of the results. Directional antennas posed a further challenge 
as the effective area would differ depending on the angle from which the antenna 
is observed. This could be circumvented, but at an overhead. 

The Poynting vector is usually quite easily calculated at a point when the E 
and H field vectors are available. However since the physical antenna structure is 
not a point structure in SuperNEC, several samples of the Poynting vector had to 
be determined in order to correctly determine the power density at the antenna. 
This was also found to be tedious and unrewarding. 

3.2.1.3 Implementation shortfalls of power density 

By calculating the received power from quantities that themselves were manually 
calculated, the inherent error in both the Poynting vector S and the effective area 
Ae is propagated to a received power result. 

Determining the Poynting vector required magnetic and electric field vectors 
data for each point. As a result, the simulation overhead increased as antennas 
were added to the environment. In the case of a SuperNEC based solution, six 
additional simulation steps were required to determine the magnetic and electric 
fields required for the Poynting vector calculation, with no guarantee of overall ac
curacy. It has been shown [17] that NEC (and thus SuperNEC) field calculations 
on surfaces are inaccurate - therefore the power density method with SuperNEC 
was not used. 

3.2.2 Segment Current 

SuperNEC models all surfaces and antennas as wire segments. For this reason, 
the following method was found to be plausible as a solution method. By using 
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the segment current Iaeg flowing through the load Zioad, the power through the 
load and thus the received tag power can be determined as follows: 

Pr = Re{ll9Zload}. (3.2) 

Equation 3.2 only calculates the real received power using the RMS segment 
current Iseg. 

3.2.2.1 Implementation advantages of segment current 

Since the segment current method is only sensitive to the load impedance, it was 
found to be an overall more accurate solution method. There was no additional 
overhead in terms of pure simulation time since SuperNEC (and NEC in general) 
implicitly calculate the current in each segment. 

3.2.3 Conclusion 

Initially, the power density method seemed feasible when this work commenced. 
However, further investigation proved that this was not the case due to the above-
mentioned implementation difficulties. The segment current method proved to 
be more computationally efficient and accurate — for this reason the segment 
current method was used throughout this work. 

3.3 Core models 

This section details the design criteria and the specific parameters of the antenna 
and vehicle models that were analysed in this work. 

3.3.1 RFID reader 

There are two main thought schools with regards to RFID reader design. One 
design uses a dedicated transmit and receive antenna (bi-static) whilst the other 
features a single antenna with a circulator (monostatic). The circulator is used 
to channel power flowing into and out of the antenna. 

35 



3. M E T H O D O L O G Y 3.3 Core models 

A bi-static reader was used in all simulations since the downlink uses the 
transmit antenna for power-up calculations and the uplink uses the receive an
tenna for reflected power calculations. As mentioned previously, patch antennas 
are the most commonly used antennas in the RFID products that are currently 
available. Therefore, the model of the RFID reader shall use patch antennas. In 
order to accurately model the RFID reader, certain parameters had to be defined 
beforehand, most notably the operating frequency and the required gain. Spec
trum regulations in South Africa provide multiple frequency bands for RFID. 
One of these bands (915.4MHz - 919.0MHz) is dedicated to the use of EPC tag 
technology and makes use of frequency-hopping spread spectrum (FHSS). Due to 
time restrictions, the reader was modeled at a fixed frequency of 920MHz, which 
is dedicated to TOTAL tag technology. Insofar as the antenna gain is concerned, 
an initial gain of approximately 6dBi was selected as this agreed well with existing 
products. The antenna was modeled with linear horizontal polarisation as this is 
typical of existing implementations. 

3.3.1.1 Genetic algorithm based optimisation 

The genetic algorithm optimiser, included in the SuperNEC package, was used 
to determine the optimal configuration for the reader antenna model. The initial 
population of solutions is evolved and mutated for a specific number of iterations 
or generations [21]. During the evolution process, the problem space is searched 
for an optimal solution according to a predefined cost function. Although the 
population size and the number of generations play a significant role in the accu
racy and resource requirements, the general guidelines as provided by SuperNEC 
were used. 

Two patch antennas were placed in the proposed configuration of a dedicated 
reader in order to optimise the reader antenna model. The genetic optimiser 
optimised the reader with respect to: 

• An antenna gain of 6dBi; 

• A radiation pattern such that power is radiated evenly to avoid excessive 
ripple in the main lobe of the antenna; 
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It is possible to use the genetic optimisation process to optimise the entire 
system, including aspects such as reader placement and tag placement. Unfortu
nately, this analysis fell outside the scope of this work and should form the basis 
of further research. 

3.3.1.2 Complete RFID reader model 

Figure 3.2: Model of RFID reader; 

The completed model of an RFID reader antenna assembly is shown in Figure 
3.2. In order to visualise the performance of the RFID reader, several two dimen
sional radiation plots (Figure 3.3) have been generated to indicate the elevation 
and the azimuth patterns. In addition, the three dimensional radiation pattern 
has also been included in order to visualise the field radiated by the RFID reader, 
although this is of limited practical value. The 3-dimensional radiation pattern 
is shown in Figure 3.3. 

3.3.2 RFID tag 

A tag antenna was modelled in order to further define the model of the channel 
between the reader and the RFID tag. Although this is conceptually similar to 
the RFID reader model, there is an additional factor - passive UHF RFID is 
forward link limited [1]. As a result, the performance of the system as a whole 
also pivots on the performance of the tag antenna - which has lead to tag designs 
being kept confidential by companies. Since it is common to use a reference 
antenna against which to compare new antenna designs, a similar approach was 
followed for the tag model. 
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Figure 3.3: RFID reader characteristics 

The simulation requires optimal reception of the available power, therefore the 
tag was conjugately matched to the antenna. The tag was modelled as an ideal 
quarter wave dipole, conjugately matched for reception. Although this model is 
rather simplified, it provides a reference level against which to compare commer
cially available tags. The model of the tag is shown in Figure 3.4. In Figure 
3.5 the two dimensional radiation patterns of the tag are shown in the azimuth 
and elevation planes. The three dimensional radiation pattern is also included 
for the sake of completeness. The gain of the tag is 2.16dBi (determined using 
SuperNEC) — this compares favourably with the theoretical gain of 2.12dBi. 
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Figure 3.4: RFID tag model 

Figure 3.5: RFID tag characteristics 

3.3.3 Ground plane 

In order to correctly model the effect of reflections from the ground, a ground 
plane was modelled. Although this may seem like a minor detail, the choice of a 
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ground plane model has a significant effect on the overall accuracy of the simulated 
results. For the case of an ideal ground plane, 100% of the impinging energy is 
reflected from the surface. In practise, physical ground planes absorb some of 
the energy, which has to be taken into account. A Soinincrfleld ground plane 
model allows for the adjustment of the conductivity and permittivity constants 
in order to more accurately model a ground plane. The optimal parameters for 
a dry ground plane in an urban area are given in [22] as: 

Table 3.1: Ground plane parameters 

Conductivity (S/m) Permittivity (er) 
Urban 0.001 5 
Coastal 0.001 3 

The Urban set of parameters was used to configure the Sommerfield ground plane 
by means of a Matlab® script. 

3.4 Software 

EM simulation approximates real world system behaviour to a limited degree of 
accuracy. As mentioned, SuperNEC and Matlab® were used in combination to 
provide a complete solution. SuperNEC generates the EM fields from simulation 
parameters, whilst Matlab® provides the simulation parameters to SuperNEC as 
an outer shell. This means that Matlab® was used to create moving vehicles in 
incremental steps and SuperNEC was used to individually solve each increment. 

3.4.1 SuperNEC default operation 

SuperNEC's default operation is to simulate static environments. A flow diagram 
of a default SuperNEC workflow is shown in Figure 3.6. SuperNEC is typically 
used to analyse the radiation patterns of antennas in stationary environments and 
the workflow does not include iterative simulation as was required for this work. 
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Although some iterative processes (such as frequency sweeps) can be applied, 
the physical model is usually created and remains static. For the purposes of 
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Figure 3.6: SuperNEC default workflow 

the EVI investigations, several simulations were required to effectively simulate 
the movement of vehicles. Each of the iterations thus contributes to the overall 
solution. The following sections provide an overview of each of the processes 
shown in Figure 3.6. 

3.4.1.1 Structure Interpolation and Gridding 

The structure interpolation and gridding module, known as SIG, is an optional 
SuperNEC module that is used to define complex geometries that can be used in 
SuperNEC. By defining cross sections of a model, the SIG module computes and 
generates the grid that is described by the cross sections. This is an invaluable 
tool, especially in the modeling of complex models such as vehicles. Furthermore, 
the assembly generated by SIG can be modified, on a "per use" basis, by supplying 
the code with a list of input parameters. 
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3.4.1.2 Genetic algorithm optimiser 

The genetic algorithm optimiser makes use of genetic algorithms to optimise 
a given assembly, structure, or placement according to a specific cost function 
[21]. The nature of genetic algorithms is such that it is not prone to fall into 
local maxima or local minima of the cost function. The detailed functionality of 
genetic algorithms falls beyond the scope of this work. 

3.4.1.3 Existing models and structures 

The SuperNEC tool includes a library of existing antennas (patch, dipole etc) and 
some simplistic structures (boxes, cones, cylinders) as well as additional antennas 
and structures that the user designed. This serves as a cache for all objects that 
can form part of the SuperNEC environment, and is also available to serve as 
input to the genetic optimiser. 

3.4.1.4 SuperNEC GUI 

The SuperNEC GUI is the cornerstone of SuperNEC's input and provides a simple 
means to construct and manipulate models, as well as to configure simulation spe
cific parameters. The GUI is more than capable of handling standard SuperNEC 
simulations. However, the GUI is severely limited when iterative simulations are 
run, such as modeling mobile environments. 

3.4.1.5 SuperNEC solver 

This is the core of SuperNEC and there is no interaction with this core other 
than input and output files. The solver determines both the sets of equations 
that need to be solved (in matrix form, stored in volatile memory) and generates 
the solution using one of several matrix solution engines. 

3.4.1.6 SuperNEC display 

The output display is a GUI that allows the user to view generated results as 
well as any other optional results such as radiation patterns and the results of 
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frequency sweeps. This is of limited use in this work as output parameters were 
obtained using Matlab® scripting. 

3.4.2 SuperNEC modified operation 

A new simulation tool was created to support iterative simulations. This means 
that moving objects could be modelled and simulated in order to find a pattern of 
received energy as the object moved through the interrogator's field. Of course, 
the new tool takes into account all reflections and scattering, making it a useful 
practical application not only in EVI environments. Figure 3.7 represents the 
extended SuperNEC workflow that was required to simulate the EVI scenarios. 
By comparing Figures 3.6 and 3.7, the additional functionality that was developed 
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Figure 3.7: SuperNEC modified workflow 

is shown in green in Figure 3.7. 
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3.4.2.1 A l - Custom models and structures 

In addition to the default library of antennas and structures provided by Su
perNEC, additional models had to be created. These additional models include 
the reader, tag, and all vehicles that were used in the simulations. Existing patch 
antenna models were combined and by means of the genetic optimiser a new 
reader antenna model was created. Although the genetic optimiser was not used 
on any of the vehicle models, the vehicle models were created by means of the 
SIG plug in for SuperNEC. 

3.4.2.2 A2 - Simulation environment generation 

This block serves as a controller for the generation of the incremental input files. 
By combining models from the default library, as well as custom models, an entire 
simulation environment could be generated. For each of the incremental steps, 
both the simulation input file and a file that record the locations and identifiers 
of all objects in the environment, are created and stored. 

3.4.2.3 A3 - Perform incremental adjustments 

During the iterative and incremental adjustments, objects that are required to 
move are translated in the specified direction (typically -x axis) by a specified 
amount — 0.1 A— and all relevant variables are updated. 

3.4.2.4 A4 - Process queue 

Initially, the queue processor sorts the files that were generated during the envi
ronment generation into discrete folders, as only the NEC files are required by 
the SuperNEC solver. Once the sorting process has been completed, the queue 
processor selects a single file from the queue, logs the transaction in a log file, 
and submits the file to the SuperNEC solver. Once the solution has been com
pleted, the queue processor uploads the result to the completed queue and logs 
the transaction in the log file. 
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3.4.2.5 A5 - Process next job in queue 

This function provides input to the process queue function in the form of files to 
process. If the queue is empty, the queue processor is terminated. Furthermore, 
this function serves as clean up function to ensure that all temporary files are 
deleted as soon as possible. 

3.4.2.6 A6 - Data extraction 

Initially, the data extraction module recombines all of the files that were separated 
during the queue processing. In turn, each of the result files is submitted to 
the post-processing block for results extraction. The data extraction block also 
provides the ability to resume, should the results extraction process fail at any 
point. 

3.4.2.7 A7 - Post processing 

Effectively, this block uses the SuperNEC functions to extract data from the 
results files provided by the data extraction function. Transmit power couple 
into the receive antenna when reflected power (from metal surfaces) is computed. 
Functions, such as removing the transmitter-receiver coupling from a vehicle's 
refelected power, are also completed in the post processing function block once 
all results files have been processed. 

3.4.2.8 A8 - Display 

This block provides custom display routines and includes, 3-D surface plots, re
ceived power plots, and (to a limited degree) some animated 3D surfaces. 

3.4.2.9 Model generation 

Similar to the default workflow, models and antennas can be generated by sev
eral means. For larger models such as vehicles, the structure interpolation and 
gridding (SIG) module is primarily used. A selection of common antennas is con
tained in libraries and can be used by adjusting the antenna parameters to suit 
the model. Unfortunately, the existing models do not provide complex structures. 
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Using the model of the RF1D reader as an example, the process of creating the 
reader antenna model, can be described as follows: 

The ideal antenna parameters can be obtained by using the genetic algorithm 
optimiser for the specific antenna type in question, in this case a patch antenna. 
Since the reader was composed of two conjugately matched antennas, the receive 
antenna required a load segment and the transmit antenna a source segment. The 
reader was assumed to form part of a single-reader installation as multiple-reader 
installations fell outside the scope of this work. 

In order to obtain the optimal antenna assembly for a specific simulation, the 
antenna assembly's parameters were generated by the genetic optimiser and the 
antenna structure was extracted from the SuperNEC library. A reader model was 
then generated by using Matlab® scripting. This allowed the reader model to be 
addressed as a single object. A similar approach was used to model other key 
elements of the environment, such as known physical antenna support structures 
and stationary reflectors. 

3.4.2.10 Environment creation 

In order to overcome the challenge of SuperNEC's static environments, job queues 
are used to create single frames of an environment. That is, when the vehicle is 
considered to be part of the environment, each change in vehicle location results 
in a change in the environment. This approach required extensive modifications 
to the existing simulation software. Thus, the job queue contains several "single-
shot" simulation jobs in which the environment was slightly altered per iteration. 

In each single shot, the vehicle is shifted in the model after which SuperNEC 
handles a single static simulation. An advantage is that several job ques can be 
created before commencing with SuperNEC simulations. 

3.4.2.11 Solution process 

Since the SuperNEC solutions follows the Matlab® environment creation, the Su
perNEC solutions also make use of queue structures. This allowes the SuperNEC 
solution engine to run independently of the environment creation processes, which 
results in effective batch-processing. Additional advantages include resistance to 
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application errors and fatal failures (power failures etc.) since each iteration is 
treated as a single simulation, as well as the ability to implement the SuperNEC 
solution in parallel. 

By hosting the solution on a centralised FTP server, several connected ma
chines can download jobs, perform the simulation and upload results to the server. 
Eventually, the FTP server was hosted on the processing machine although the 
concept was still used to generate all log files. 

3.4.2.12 Post processing and display 

Post processing includes (i) the determination of power transferred into the tag's 
antenna, (ii) the determination of the power transferred into the reader's receive 
antenna, and (iii) the determination of the magnitude of the multipath compo
nents. Since SuperNEC generates the currents and phases on each of the wire 
segments of the model, post processing was primarily used to determine the power 
on the load segments of both the tag and the reader antennas. 

Determining the correct segments is not a trivial task as the numbering scheme 
used in NEC is based on the location of the segments and not necessarily on the 
structure to which the segment belongs. This leads to a situation where the 
load segment identification number is continually changing as the vehicle moves 
through the field. By analysing both the source NEC file and the resulting OUT 
file the correct segment numbers can be obtained on a 'per increment' basis. 

Several display functions was developed that are able to: 

• Graph the received power of a tag vs separation distance; 

• Graph indicating the interrogation zone length vs the average power within , 
the interrogation zone; 

• Graph the total received power of the reader's receive antenna (both transmitter-
receiver coupling and reflected power from a metal surface; 

• Graph only the reflected power received by the reader's antenna; 

• Provide 3-D surface graphs that indicate power levels across the entire in
terrogation zone. 
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3.4.3 Doppler shift 

An important consideration is Doppler shift since this is a dynamic effect that was 
not explicitly modelled in the "frame-by-frame" approach in this work. However, 
since Doppler shifts are typically below 110Hz for slow moving objects (below 
200km,/h), the assumption can be made that adequate high-pass filtering in the 
baseband / IF sections of the receiver section of a reader should remove the 
Doppler modulation of the backscattered signal. 

3.4.4 Computational efficiency 

As with any EM simulation package, SuperNEC placed a large toll on the host 
system, specifically in terms of the RAM requirements of a simulation. A logi
cal solution would be to install as much RAM as possible. Unfortunately, this 
approach is unsuccessful as SuperNEC is limited by being a 32-bit application 
and as such can only address a maximum of 4GB of RAM. Since 32-bit applica
tions require a 32-bit operating system, the RAM available to SuperNEC will be 
less than the maximum of 4GB. It was found that a machine with 3.5GB of free 
RAM was able to simulate a single reader and tag as well as 6m2 of sheet metal -
thus a total of 14000 segments. Simulations were performed on a 3.16GHz Intel 
Core2Duo with 6GB RAM, although SuperNEC could only make use of 3.5GB 
of RAM and a single processor core. 

Although it is possible to reduce the number of segments required to build 
a model by altering the segment length, doing so leads to a reduction in the 
accuracy of the simulation as a whole. Research has shown that a segment length 
of 0.1 A is required to accurately model a solid metallic surface. Known as the 
equal area rule, it is essentially applied as a rule of thumb when performing any 
NEC based simulation [16, 17]. Since only first order effects can effectively be 
simulated, given the restriction of available RAM, further reducing the accuracy 
of the simulation would reduce the usefulness of the simulation. 
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3.4.5 Parallel processing 

SuperNEC provides an implementation of the parallel virtual machine (PVM) to 
facilitate running large simulations in parallel over a heterogeneous network of 
computers. Although this was attractive for obvious reasons, when implemented 
and tested it was found that the performance of the PVM was at best on par 
with the single computer approach. The PVM testbed was set up on a collec
tion of computers typically used for undergraduate course work and consisted of 
2.4GHz Intel Pentium processors and up to 1GB of RAM on each computer, with 
512MB being the default. In total, 26 of these machines were configured to act 
as the PVM. However, as these machines form part of the university network, 
the load the the PVM architecture places on network infrastructure resulted in 
a congested network. The large number of data packets exchanged between the 
client machines and the server machine lead to a performance bottleneck. A 
more prominent downfall was that the available RAM of the "weakest" PVM 
client limited all clients in the PVM. The result was that a large simulation 
in parallel is not as effective as running the PVM on a tightly coupled cluster 
such as as a multi-processor server or a tight cluster of servers, with a dedicated 
communications network. 

3.5 Vehicle models 

3 .5 .1 I n t r o d u c t i o n 

The effect of vehicles on the environment was considered in all simulations. Mod
elling each and every type, model, and make of passenger vehicle was considered 
impractical, and not possible within the given time frame for this work. The simi
larities between vehicle makes and models were used to generalise vehicle models. 
The restrictions, as mentioned in Section 3.4.4, resulted in only key aspects of 
the vehicles being modelled, that is, only the vehicle front-ends were modelled 
since the vehicle's rear-ends were considered not to play a significant role in the 
simulations. 

Important elements include tag placement, roof height and other large metal 
surfaces that are illuminated by an interrogator's beam. In order to optimally 
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utilise the available resources, no vehicles' sides were modelled. In Figure 3.8a, a 
complete model is shown of a box-class of passenger vehicle. In Figure 3.8b, the 
same vehicle was modelled inside the simulation constraints. 

Figure 3.8: Full(a) vs Partial(b) vehicle model 

3.5.2 Passenger vehicles 

Passenger vehicles make up the most prolific class of vehicles on modern roads. 
Therefore, the effects of these vehicles on the system required in-depth study. 

3.5.2.1 Wedge shape passenger vehicle 

The rounded wedge-like side profile is the main characteristic of this type of 
vehicle. This is a characteristic shape associated with several compact cars, an 
example is shown in Figure 3.9a 

3.5.2.2 Box shape passenger vehicle 

These models are characterised by their angular side profile and large flat metal 
surfaces. These characteristics are typical of late model vehicles and more rugged 
vehicles such as pickup trucks and SUVs, Figure 3.9b shows a typical example. 
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3.5.2.3 Sedan shape 

These vehicles typically exhibit smooth flowing lines and are usually also longer 
and lower than the other classes. A representative profile is shown in Figure 3.9c 

Figure 3.9: Classes of passenger vehicles 

3.5.3 Multiple passenger vehicles 
3.5.3.1 Minibus Taxi 

Capable of transporting several passengers (up to 16), these vehicles combine 
some of the aspects of wedge-shaped vehicles but they are significantly higher. 
These vehicles are the backbone of South Africa's public transport - thus the 
effect on the EVI system had to be investigated. A representative side profile is 
show in Figure 3.10a 

3.5.3.2 Bus 

These vehicles are high and have large flat surfaces. Due to the vehicle's height, 
the reflected power effect on the reader was deemed to be significant. A typical 
example is shown in Figure 3.10b 

3.5.4 Commercial vehicles 

3.5.4.1 Freight truck 

The freight truck was also considered to have a significant impact on system 
performance. These vehicles are some of the highest vehicles on the road that 
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Figure 3.10: Classes of multi passenger vehicles 

feature large areas of metal as well as small awnings that hide tags that are placed 
at the top of the windscreen. The effect that the trucks and their cargo have on 
the reader also had to be analysed. A representative side profile has been included 
in Figure 3.11. 

Figure 3.11: Side profile of a freight truck 

3.5.5 Conclusion 

The previous sections introduced the concept of vehicle classes and provided 
the side profiles of each class. Although detailed 3D models were developed for 
all of the passenger vehicles, the resource requirements (in terms of numbers of 
segments) far exceeded the available capacity of the simulation computers. 
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The available modeling capacity (in terms of resources) was used to model 
the key characteristics of the each of the vehicle classes, thus optimally using the 
available capacity. The key characteristics of a class will be discussed in a later 
section. 

3.6 Scenarios 

3.6.1 Verification 

Verification was required to determine if the simulation results were accurate. 
Several theoretical results and equations describe antenna and propagation be
haviour, such as the Friis transmission equation and received power losses due to 
polarisation misalignment. By comparing the simulation results to known the
oretical predictions in a simplified environment, the accuracy of the simulation 
engine (and its configuration parameters) could be ensured. Field measurements 
were difficult due to the lack of an "ideal" environment, and it was assumed that 
the SuperNEC simulation engine is accurate (due to its excellent reputation) and 
the results published in [23]. 

3.6.1.1 Maximum read range 

Critical to the performance of the EVI system, is the ability of the RFID tags to 
function over a large distance. In this case the maximum read range is defined 
as the maximum distance the tag can be separated from the reader whilst still 
being able to power-up. By using the Friis transmission equation, an ideal point-
to-point link could be generated, which was then used against which to compare 
the simulated results. 

3.6.1.2 Polarisation 

By using linearly polarised antennas, the read range of the RFID system was 
extended. This resulted in a system sensitive to the polarisation mismatch angle. 
In order to simulate the effect of the polarisation mismatch angle, a similar pro
cedure to that of the maximum read range was followed. In addition, the tag was 
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rotated in order to establish a polarisations mismatch. By appending a mismatch 
factor to the Friis transmission equation, ideal results were obtained and used to 
compare against simulation results. 

3.6.1.3 Conclusion 

By determining the maximum read range and the system's sensitivity to the polar
isation mismatch angle, the simulation tools' functional capability and accuracy 
could be verified. 

3.6.2 System effects 

3.6.2.1 Interrogation zone length 

Patch antennas will provide a specific interrogation zone length. By altering the 
angle and the heightat which the reader is installed, the length of the interroga
tion zone can be adjusted. Now, by determining the length of the interrogation 
zone for various installation angles, the optimal interrogation zone length can be 
determined for the specific reader antenna(s) being used. Since vehicles vary in 
height (hence, the tag's height above ground), the interrogation zone had to be 
determined at various heights in order to obtain an accurate representation of 
the interrogation zone length. 

3.6.2.2 Plate reflections 

Large metal surfaces will reflect some of the energy radiated by the reader back 
to the reader. This could lead to the reader being flooded and thus unable to 
detect any tags. Since flooding must be avoided, or at the very least minimised, 
the effect of reflective surfaces on the reader's performance had to be investigated. 
In order to do this, angled metal surfaces were systematically moved away from 
the reader and the reflected power (as received by the reader) was obtained from 
simulations. 
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3.6,2-3 Conclusions 

By combining the results of the interrogation zone length and the plate reflection 
simulations, the optimum installation angle of the reader could be determined. 
This was of critical importance as an incorrectly installed reader will have a 
performance impact on the system's performance as a whole. 

3.6.3 Performance investigations 

Table 3.2 provides a summary of which simulations were run for each of the 
vehicle classes. 

Table 3.2: Performance investigation summary 

Vehicle Type Tag Received Power Reflected Power 
Box-shaped passenger vehicle • • 

Wedge-shaped passenger vehicle • • 
Pickup truck • • 
Minibus taxi • • 

Bus • • 
Freight truck • • 

Shipping container * 

The following performance characteristics were determined from simulations: 

Interrogation zone length: The length of the interrogation zone was obtained 
to determine the time available for a successful read. This should show 
which protocol can be used under normal conditions (i.e. EPC or TOTAL); 

Magnitude of reflected power: This was done to determine the performance 
requirement that should be placed on a reader procured-
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3.7 In review 
This chapter provided a foundation from which to effectively perform simula
tions. This was done by first introducing two solution methods namely, (i) the 
power density method and (ii) the segment current method. The segment cur
rent method was selected as the solution method as it provides the most accurate 
results. 

Core models (reader antenna assembly, tag and ground plane), were developed 
and optimised where possible by using the SuperNEC genetic algorithm optimiser. 
This provided models of both the reader antenna assembly and the tag that were 
used throughout all simulations involving vehicles. An addition to the SuperNEC 
simulation tool was developed before simulations of moving vehicles could be 
made. This additional tool uses Matlab® as an external driver for the SuperNEC 
core, which allows moving vehicles to be simulated in a frame-by-frame approach. 

The aspects of computational efficiency of the software, as well as the scalabil
ity in terms of parallel computing and clustering, were discussed and the decision 
was made to stay with single-computer simulations due to the scope of this work. 
By modeling vehicles as discrete vehicle classes, rather than modeling a specific 
make and model, it was possible to define vehicle classes, broadly classified as: (i) 
passenger vehicles, (ii) multi-passenger vehicles (including busses and taxis), and 
(iii) commercial vehicles such as freight trucks and shipping containers. Resource 
constraints limited simulations and resulted in the use of critical features from 
each of the vehicle classes. 

In all simulations the length of the interrogation zone and the amount of 
reflected energy into the reader were of interest — these performance parameters 
were investigated in the simulations. 
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Chapter 4 

Simulation results 

4.1 Introduction 
This chapter provides results of vehicle simulations using the models and tools as 
discussed in Chapter 3. Simulation results are also analysed and discussed. 

The chapter commences with a simplified verification process using the Friis 
transmission equation as a reference. Thereafter, the optimal orientation angle for 
the installation of the reader was determined from simulations and is presented. 
By using the ideal orientation angle, the vehicle simulations were performed and 
the performance of the tag and the magnitude of the reflected energy are repre
sented for each scenario. The chapter concludes with a discussion of the results 
and findings that resulted from simulations. 

4.2 Verification 

The functionality of the simulation software had to be verified on a simplified 
model in order to demonstrate acceptable performance. One of the most effec
tive benchmarks is to compare the results obtained from simulations with the 
predictions from well proven theoretical calculations. In Figure 4.1, the results 
of a SuperNEC simulation are compared with results obtained by using the Friis 
transmission equation. As both the SuperNEC simulation and the Friis trans
mission equations provide similar results (as seen on the graph), the simulation 
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method as well as SuperNEC have been verified. 

Comparison of Received Power 
(4W EIRP Reader and Tag in Freespace) 

Distance from Reader (m) 

Figure 4.1: Comparison of SuperNEC and Friis equation results 

4.2.1 Maximum read range 

The maximum distance over which a passive UHF RFID tag can be read,is known 
as the operational read range. As a matter of interest, programming the tag 
requires more energy than reading a tag. As a result, the maximum range at 
which a tag can be programmed will be less than the maximum read range. This 
work is focused on the operational read range only. 

Since tags use energy from the impinging EM field to power-up, a threshold 
level is required to allow the tag to power up and respond [1]. Typically this 
threshold level is around -lOdBm (lOmW) with reference to most available tech
nology, although there are tags that can power up at levels as low as -15dBm. 
The threshold level is referred to as the sensitivity of the tag. The maximum 
allowed power an RFID reader and antenna may radiate is 36dBm (4W) EIRP 
according to current ICASA regulations [1]. 
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Readers have up-link sensitivities (to receive backscattered signals) several 
orders of magnitude larger than the tag's power-up threshold. It is therefore only 
necessary to determine the maximum read range of the system by using the down
link as the limiting factor. By using reader and tag models as in Figures 3.2 and 
3.4, a maximum read range of about 9m was obtained as indicated in Figure 4.1. 
This was also verified in an informal field test. Since the results were obtained 
by using an ideal |A dipole antenna, the results can be adjusted according to the 
gain of commercially available tags as the gain of commercial tags is expressed 
with regards to an ideal dipole. One should bear in mind that tags mounted 
on windows will have reduced antenna gain compared to free-space dipole tags 
since window mounted tags will have antennas with a reduced Q (hence increased 
bandwidth and less gain). 

4.2.2 Polarisation 

By modelling the tag antenna as a dipole, the tag has a linear polarisation. 
Tags are usually mounted with horizontal polarisations as this orientation is less 
susceptible to reflections. Although commercial tag antennas can be much more 
complex, most are linearly polarised and mounted horizontally. 

It is also sensible to verify the simulation software against calculated results 
(using deterministic equations in ideal environments). The effect of the polarisa
tion mismatch angle was both calculated and simulated, after which the results 
were compared. For the calculations, a linearly polarised tag was misaligned 
by an angle 6 from the optimum orientation. It followed that the reduction in 
received power, as seen from the tag was given by: 

Pr = PldealcosO. (4.1) 

Figure 4.2 indicates the simulated effect of a polarisation mismatch on the power 
received by the tag, as well as the theoretical results as provided by the Friis 
transmission equation (appended by a polarisation loss factor). From the graph 
it can be seen that the SuperNEC and the Friis results are similar and thus confirm 
that the simulation software performs as expected. A polarisation mismatch angle 
of 45° resulted in decrease of ^30% when compared to the optimum situation. 
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More angles were investigated and the results graphed in Figure B.l in Appendix 
B. From Table 4.1 it is clear that the polarisation mismatch angle must be an 
absolute minimum for optimal performance. 

Effect of polarization angle mismatch 
(4W EIRP Reader and Tag in Freespace) 

Distance from Reader (m) 

Figure 4.2: Radiated power vs distance using Friis equation 

Table 4.1: Read range vs polarisation mismatch angle 

Polarisation angle Odeg 15deg 30deg 45deg 60deg 
Read range 9.1m 8.8m 7.9m 6.5m 4.6m 

4.3 System effects 

The main aim of this section is to show how optimal system performance could be 
achieved with respect to installation parameters. This was done by establishing 
the ideal angle at which to install a reader such that the interrogation zone is 
maximised whilst the reflected power is reduced to a minimum. 
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The resulting reader antenna angle should be used in practise to ensure (i) 
the interrogation time is maximised and (ii) that large reflected power variation 
does not "blind" a tag due to resulting large fluctuations in RF, IF and baseband 
power. 

4.3.1 Interrogation zone length 

To determine which orientation angle provided the largest continuous interroga
tion zone, a tag was moved through an interrogation zone at various heights above 
the ground, and the received power was calculated for each increment. Figure 4.3 
depicts the simulation setup. 

a 

Traveling Direction i 

Separation Distance 

Road Surface 

Figure 4.3: Set up to determine interrogation zone profile vs orientation angle 

The reader was fixed at a height of 5.7m above ground and for the pur
pose of the simulations was located at the origin, making the reader location 
[0m,0m,5.7m] in space. Vehicles vary in height, and as a result, the interrogation 
zone was determined for several heights above ground ranging from 0.5m to 5.5m 
in 0.5m increments. At the same time the tag was moved from a distance of 10m 
away from the reader to 10m past the reader in 0.1m increments. The movement 
of the tag was approximately 1/3A and was thus sufficient to determine small 
scale fading effects whilst still being computationally efficient. 
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By sweeping the orientation angle a (see Figure 4.3 for the results), a 3-D 
surface of the interrogation zones vs a was generated. Figure 4.4 was produced 
with the tag at a height of 1.5m as this is a common height in passenger vehicles. 
The tag height of 1.5m will be used for this discussion, all additional figures can 
be found in Appendix B, Figures B.2 to B. l l . 

Interrogation zone vs Orientation Angle 
(Reader at 57m above ground - Section at 1 5m above cjound) 

Orientation Angle (deg) Distance from Reader (m) 

Figure 4.4: 3-D surface of interrogation zone profile vs orientation angle 

It is clear that the interrogation zone varies according to the orientation angle. 
A simplified 2-D contour plot (Figure 4.5) clearly shows the optimum angle. It 
is clear from the graph that the interrogation zone increases as the orientation 
angle increases. 

The interrogation zone must be long and also provide the tag with the highest 
average power throughout the interrogation zone in order to ensure a proper 
power-up margin. By determining the largest continuous interrogation zone from 
the data in Figure 4.4, and computing the average power within that zone, the 
optimum orientation angle becomes apparent since the average power and the 
interrogation zone length are both acceptable in this region. Figure 4.6 shows 
the average power and interrogation zone length for different orientation angles. 
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Interrogation zone vs Orientation Angte 
(Reader at 5.7m above ground, Section at 1.5m above ground) 

Distance from Reader (m) 

Figure 4.5: 2-D surface of interrogation zone profile vs orientation angle 

A comparison of the interrogation zone profiles for 20°, 30° and 40° are shown 
in Figure 4.7. The effect of the ground reflections is clearly visible in the oscillating 
nature of the received power envelopes. This is due to the vector addition of the 
signal travelling directly to the tag and the signal reflected off the Sommerfield 
ground plane. Since the reflected signal travels a physically longer path, the phase 
and magnitude of the reflected signal is altered this results in the oscillating effect 
as illustrated in Figure 4.7. From Figure 4.6 (and additional Figures B.12 to B.21 
in Appendix B) it is clear that orientation angles smaller than 20° and larger than 
40° would not be suitable since large fluctuations in power level are seen below 
20° (from Figure 4.7) and low average power is observed above 40° (from Figure 
4.6). 

4.3.2 Sheet metal reflections 

The effect of reflected power on the reader also plays a significant role in the 
selection of the optimal orientation angle for the reader. If too much power 
is reflected back towards the reader, the detector circuits of the reader will be 

63 



4. SIMULATION RESULTS 4.3 System effects 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 1 5m above ground) 

20 30 

Orientation Angle (deg) 

Figure 4.6: Average power and maximum interrogation zone length at 1.5m above 
ground 

Interrogation zone profiles 
(Reader at 5.7m above ground plane) 

Distance from Reader (m) 

Figure 4.7: Comparison of interrogation zone profiles at 1.5m above ground 
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subjected to large power levels and fluctuations which may possibly blind readers 
(with AGC) or saturate readers with limited dynamic range. The fluctuations 
may also cause readers to adjust for major reflections when, for example, a bus 
passes by after which the reader may not be able to adjust for a vehicle that 
closely follows the bus, effectively causing a "shadow effect" behind the bus. 

T3 

a: 

Figure 4.8: Set up used to determine reflected power vs orientation angle 

The performance of the reader depends on reader design and technology, but 
it is important because a performance requirement needs to be bench-marked 
for readers. The magnitude of the the reflected power can be investigated using 
the current model of the reader and the acquisition of readers should take into 
account the reflected power requirements (which translate into AGCs, settling 
time, dynamic range and stability). 

The set up, used to determine the effects of the orientation angle on the 
magnitude of the reflected power, is shown in Figure 4.8. The sheet metal was 
orientated at an angle a and incrementally moved away from the reader. This 
method provided relative results and one could expect similar performance with 
metal surfaces on vehicles. 

Figure 4.9 shows the power reflected back to the reader receiver at various ori
entation angles and distances. As can be expected, the reflected power decreases 
as the orientation angle increases. At an orientation angle of 30° the reflected 
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power is similar to that of 40° and significantly reduced from 20°. An orienta
tion angle of 30° thus offers a good trade-off between interrogation zone length, 
average interrogation zone power, and the magnitude of reflected power. Good 
results were also achieved in physical installations using an orientation angle of 
30°. 

Reflected Power vs Reader Angte 
(Comparison between 20deg,30deg and 40deg) 

2 3 4 5 6 7 

Distance of reflective surface from Reader (m) 

Figure 4.9: Reflected power at a 20°, 30° and 40° orientation angles 

4.3.3 Reader installation angle 

From the preceding sections, a reader orientation angle of 30° was selected as this 
angle: 

• Maximises interrogation zone length; 

• Maximises average power within interrogation zone; 

• Provides acceptably low levels of reflected power; 
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• Is practically achievable using available mounting brackets. 

Figure 4.10 is a 3-D representation of the entire field of view of the reader. The 
oscillating effect of the ground reflections is again clear on the graph. The reader 
model is also slightly asymmetric due to limited resolution in the simulations. 
This does not have a major effect on the simulation results of interest. 

Reader Field of View at 1 5m above ground 
(Reader at 5.7m tilted at 30deg relative to the ground) 

Distance from Reader (m) 
Offset from Reader centre (m) 

Figure 4.10: Interrogation zone at 1.5m above ground and reader orientation 
angle of 30° 

By applying the tag power-up threshold of -lOdBm to the data in Figure 4.10, 
a coverage map of the readers field of view could be generated. Such a coverage 
map is shown in Figure 4.11 with the blue sections indicating regions where tags 
cannot be read. The reader generates an interrogation zone that spans a single 
lane of roadway and also illuminates lanes on the sides, which is good as it ensures 
adequate coverage. This situation may be detrimental when readers continuously 
transmite constant waves (CW) since it may produce "beat" EM fields in the 
overlapping regions when readers are not phase-locked - this could form the basis 
of further study. 
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Figure 4.11: 2-D Thresholded interrogation zone at 1.5m above ground 

4.3.4 Tag placement 

It is well known that the proximity of metal structures will affect the performance 
of any good antenna. This is similar to a tag in close proximity of the leading 
edge of a vehicles roof. For this reason, a basic sensitivity analysis was done to 
determine a suitable position of the tag on a windscreen, taking into account 
constraints such as the drivers field of view. Figure 4.12 compares the tag perfor
mance for three different possible tag placements as measured from the leading 
edge of a vehicles roof (in this case a box shaped class A passenger vehicle). A 
tag placed 90mm from the top of the windscreen has a slightly improved received 
power envelope that could result in better performance in a practical implemen
tation. However, an offset this large infringes on the driver's field of view and 
as such can not be used (tags are sometimes square in form and could block out 
more view than the dipole tag that was used in this work). The limited variance 
between the 50mm offset and the 70mm offset indicates that there is a region 
in which the tag can be placed that would provide both reasonable performance 
and a limited margin of error during the installation process. For this reason the 
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more optimistic tag placement (used in simulations in this work) was selected to 
be 70mm from the top edge of the windscreen, with the knowledge that slight 
variation will be evident in practical installations. In two special cases, the tag 
placement for buses and trucks was adjusted so that the tag was placed at the 
bottom of the windscreen in order to add 

Effect of Tag location on Tag performance 
(Distance measured from top edge of windscreen) 

i } l P ! P ! r 

Figure 4.12: Effect of tag placement on performance 

4.3.5 Additional effects 

4.3.5.1 Doppler spread 

Due to the nature of NEC-based codes, the dynamic, higher-order temporal effects 
of relative movement between the reader and the tag could not be investigated 
using SuperNEC and Matlab®. More specifically, the Doppler effect is of im
portance. In readers, the Doppler effect will cause fluctuations in power levels 
behind mixers that are located in the front-end of the reader's receiver. 

The line-of-sight Doppler spread produced by the vehicles could be determined 
by using equation 2.8. In Figure 4.13 the Doppler frequencies were calculated for 
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various vehicle speeds at a height of 1.5m above the ground by using equation 
2.8. By increasing the height above the ground, a maximum Doppler frequency of 
102Hz can be seen at a height of 5.5m and a vehicle speed of 120km/h. When the 
Doppler frequency is compared to the centre frequency of the reader (920MHz), 
it is seen that the Doppler frequency is small compared to the carrier frequency. 
As a result, high-pass filters can remove the Doppler components with ease. 

Effect of vehicle speed on Doppler frequency 
(Reader at 5.7m, Tag at 1.5m above ground) 

Distance from Reader (m) 

Figure 4.13: Doppler frequency for various vehicle speeds at 1.5m above ground 

4.3.5.2 Multiple readers 

In a practical installations, multiple lanes of traffic should be covered by using 
multiple readers. Due to manufacturing processes and other factors, the centre 
frequency of each reader may differ in the case of CW readers. This may cause 
coupling and intermodulation products in the readers and tags. These effects 
were not studied using simulations but should be investigated in further study. 
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4.4 Performance investigations 
The following sections provides results from simulations and analyse the perfor
mance of the system for various vehicles. 

4.4.1 Box-like passenger vehicle 

4.4.1.1 Vehicle model 

Due to computational constraints, only critical elements of vehicles were used in 
the models that were simulated. Figure 4.14 shows the model that was used in 
the simulation which is based on Figure A.l 

V Reader 

Figure 4.14: Model of box-like passenger vehicle 

Table 4.2: Box-like passenger vehicle's simulation specifics 

Segments Step time Total time (hours) 
Box-like passenger vehicle 8706 7.68m 12.92h 
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Figure 4.15: Side profile of box-like passenger vehicle simulation process 

4.4.1.2 Tag received power 

Figure 4.16 shows the simulated received power of the tag placed on the vehicle 
as indicated in Figure 4.14. On closer inspection of Figure 4.16, interesting effects 
are evident. 

There is variation in power visible between 5m and 7m from the reader in 
the form of ripple. Reflections from the metal surfaces add to signals from the 
ground reflections and the line-of-sight component — this causes ripple effects. 
It would be speculative to analyse the cause of the ripple any further due to the 
complexity of the problem. The total uninterrupted interrogation zone is 6.5m 
wide (from 7.3m to 0.8m) although there is a significant reduction in the received 
power at 4.3m. Assuming that the vehicle is travelling at 120km/h, the total 
time that is available for the reader-tag interrogation is 195ms. 

If a null in fact occurred at 4.3m (this is possible as the received power is only 
O.ldBm above the threshold of -lOdBm) it would produce smaller interrogation 
zones as is indicated in Table 4.3. Since 120km/h is the legal speed limit, this 

-

Ground Pla 
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Received Power - Tag 
(Reader at 5.7m above ground - Class A Passenger Vehicle with Tag at 1 362m above gjound) 

2 3 4 5 
Distance from Reader (m) 

Figure 4.16: Tag performance for a box-like passenger vehicle 

represents a worst-case scenario in terms of the available time for the reader to 
interrogate the tag. 

The presence of nulls is, of course, not a significant issue with persistent tags or 
in cases where the tag sensitivity is significantly less than -lOdBm. An acceptable 
power-up margin should be in the region of 5dBm, which means that tags with 
-15dBm sensitivity should be more than sufficient. 

4.4.1.3 Reflected power 

Figure 4.17 shows the power that is received at the receiving antenna of the 
reader. All power is centred around 5.5dBm as this is the power that is coupled 
directly from the transmitter into the receiver section of the reader. Typical 
reader architectures will remove the coupled power as the coupled is coherent 
and will cause a DC offset after the RF mixers. 

Figure 4.18 indicates the power received by the receiver with the constant 
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Table 4.3: Box-like passenger vehicles interrogation zone summary 

Location Length Duration at 120fcm//i 
Interrogation Zone - Max 7.3m: 0.8m 6.5m 195ms 

Interrogation Zone - I 7.3m: 4.3m 3.0m 90ms 
Interrogation Zone - II 4.3m: 0.8m 3.5m 105ms 

Complex Power - Receiver 
(Reader at 5.7m above ground - Class A Passenger Vehicle with Tag at 1 362m above ground) 

Distance from Reader (m) 

Figure 4.17: Reader receiver power with a box-like passenger vehicle 

coupling effect eliminated. It is important to note that the Distance from reader 
axis in Figure 4.18 is with respect to the location of the tag and not the vehicle 
under investigation. As indicated in Figure 4.15, the tag is placed near the top 
edge of the windscreen and the vehicle extends beyond that point. 

From Figure 4.18, several distinct phases can be seen in the received power. 
Initially, when the vehicle is still only starting to enter the field of view of the 
reader from 8m to 4m, small scale fading is evident with several peaks and nulls 
occurring whilst the signal level remains relatively low with a peak of -12dBm. 
According to [12]. this could be as described to knife-edge diffraction. 
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Reflected Power- Receiver 
(Reader at 5.7m above ground - Class A Passenger Vehicle with Tag at 1 362m above ground) 

Distance from Reader (m) 

Figure 4.18: Reflected power from a box-like passenger vehicle 

As the vehicle proceeds from 4m towards 2m, a significant increase in reflected 
power can be observed with a maximum of -9.5dBm. This is could be attributed 
to the bonnet of the vehicle being introduced into the main field. Between 2.2m 
and Om, the entire vehicle model is illuminated by the reader, resulting in the 
highest levels of reflected power being observed with a maximum of ~4.5dBm. 
From Om to -lm. only the roof section of the model affects the magnitude of the 
reflected power and a subsequent drop in the peak reflected power occurs with 
only a maximum of -lOdBm being evident. From here on, the vehicle model has 
passed through the interrogation zone of the reader and the reflected power levels 
return to a fairly low level. 

The reflected power from the vehicle adds to the power that is backscattered 
from the tag. This causes low-frequency fading fluctuations in power levels which 
readers should be able to filter out duo to the coherent nature of the system. As 
the power from the reader to the tag increases, so does the reflected power (by 
studying Figures 4.16 and 4.18) and the backscattered energy from the tag to 
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the reader also increases, which is an advantage. Nevertheless, the signal-to-noise 
ratio of backscattered power vs interference from reflected power should be good 
when high-pass filters are used (typically, a reader should provide suppression of 
low frequencies of at least 30 to 40dB in the tag's sub-carrier region where the 
data is situated). 

To conclude, it is seen that the interrogation zone for box-shaped vehicles is 
fairly large (around 7m) and that the reflected energy is fairly low at a peak of 
around -5dBm. 
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4.4.2 Wedge-shaped passenger vehicle 
4.4.2.1 Vehicle model 

Figure 4.19 indicates the model that was used to simulate a wedge-shaped pas
senger vehicle. Again, due to computational constraints, a reduced-detail model 
was constructed. See Figure A.2 upon which the vehicle model was based. 

Figure 4.19: Model of wedge-shaped passenger vehicle 

Table 4.4 provides additional information about the simulation, such as the 
total simulation time and the number of segments used to generate the environ
ment. 

Table 4.4: Wedge-shaped passenger vehicle's simulation specifics 

Segments Step time Total time (hours) 
Wedge-shaped passenger vehicle 8163 7.68m 12.92h 
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Figure 4.20: Side profile of wedge-shaped passenger vehicle simulation process 

4.4.2.2 Tag received power 

Figure 4.21 shows the power received by the tag (according to Figure 4.19) for a 
wedge-shaped passenger vehicle. The ripple is again present from 7.2m to 6.2m 
and from 4.2m to 3m. Furthermore, the maximum continuous interrogation zone 
is 5m wide (from 5.8m to 0.8m) — this provides a total interrogation time of 
150ms for a vehicle travelling at 120km/h. 

By similar argument as for the box-shaped vehicle, one may conclude that 
the interrogation zone is fairly large an tags with persistence should perform well 
although significant ripple is evident in the received power level. 

4.4.2.3 Reflected power 

In Figure 4.22 the power received by the reader is shown as a wedge-shaped pas
senger vehicle moves through the field. After removing the transmitter-receiver 
coupling, the reflected power as seen by the receiver is shown in Figure 4.23. 

The Distance from reader axis in Figure 4.23 is again with reference to the 
tag location and not the reference point of the vehicle. 
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Received Power - Tag 
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Figure 4.21: Tag performance for a wedge-shaped passenger vehicle 

Taking into account the above, several distinct phases can be identified in 
Figure 4.23. From 8m to 6m, the power reflected to the receiver is mainly from 
the nose of the vehicle and as such indicated small scale fading with a high 
frequency and deep nulls occurring with a maximum reflected power of -12dBm. 

From 6m to 3.3m, the vehicle is completely illuminated by the reader and the 
reflected power reaches a peak of -4.5dBm and relatively few nulls. From 3.3m 
to lm, the vehicle proceeds through the field, and since less metal is present, the 
reflected power decreases accordingly. The presence of several nulls during this 
last region can be attributed to reflections, refractions and diffractions from the 
supporting pillars alongside the windscreen. Obviously, this picture would change 
when the whole vehicle is modelled, and these results serve only as an indication 
of the type and levels of reflected energy that could be expected in practise. 

Between lm and -lm, the prime contributor to the reflected power is the 
roof section of the vehicle and thus the reflected power is also significantly less, 
achieving a peak of -11.4dBm. As the vehicles moves out of the reader's field, the 
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Complex Power - Receiver 
(Reader at 5.7m above ground - Class B Passenger Vehicle with Tag at 1.483m above ground) 
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Figure 4.22: Reader receiver power with a wedge-shaped passenger vehicle 

reflected power is reduced to a maximum of -15dBm. 
From Figure 4.22 it is also clear that the largest reflections occur between 

6m and lm. This also corresponds to the interrogation zone peaks and nulls that 
illustrates the assumption that the reflected power also provides additional power 
to the tag. 

To conclude, it can be seen that the interrogation zone for wedge-shaped 
vehicles is more or less 6m (including a null at Om) and that the reflected energy 
is fairly low at a peak of around -5dBm. 
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Reflected Power - Receiver 
(Reader at 5.7m above ground - Class B Passenger Vehicle with Tag at 1.483m above ground) 
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Figure 4.23: Reflected power from a wedge-shaped passenger vehicle 
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4.4.3 Pick-up truck 

4.4.3.1 Vehicle model 

Although pick-up trucks come in various sizes, a larger vehicle was used to model 
the pick-up truck in Figure 4.24. This means that the vehicle is higher than 
average. Smaller pick-up trucks can be modelled using the box-like passenger 
vehicle. The model in Figure 4.24 is based on Figure A.3. In Table 4.5 the 
specifics of the simulation resource requirements are outlined. 

Reader 

^ ^ B Vehicle ^ ^ 

Ground -id Plane ^ ^ 2 

Figure 4.24: Model of a pick-up truck 

Table 4.5: Pick-up truck's simulation specifics 

Segments Step time Total time (hours) 
Pick-up truck 9077 10.08m 16.97h 

4.4.3.2 Tag received power 

Figure 4.26 graphs the received power for a tag placed on a pick-up truck as 
indicated in Figure 4.24, which is modelled on the vehicle shown in Figure A.3. 
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Figure 4.25: Side profile of a pick-up truck simulation process 

With regards to the received power of the tag in Figure 4.26, the longest contin
uous interrogation zone (in this case the only interrogation zone) extends from 
around 6.9m to 0.4m for an overall length of around 6.5m. If the vehicle travels 
at 12Qkm/h7 the total interrogation time will be 194ms. Not many deep nulls are 
present in the power envelope inside the interrogation zone. 

A reduction of ldBm in the tag's received power only reduces the interrogation 
zone by 0.4m. This should be less of an issue when more sensitive tags are used. 
The fluctuations in received power in inside the interrogation zone is an indication 
that there is a line-of-sight signal component (from the reader) and an additional 
significant signal component. The additional component is most likely reflected 
from the bonnet of the vehicle as ground reflections cannot directly affect the 
tag's received power to such a degree. The only higher-order effects that can 
be observed occurred from 4m to 3m (with reference to Figure 4.25) when the 
support frame of the windscreen entered the field. This may cause diffraction 
and refraction effects to occur. Since these effects are much smaller in magnitude 
than the reflected components, the effect is only visible for a small section inside 
the interrogation zone. 
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Figure 4.26: Tag performance for a pick-up truck 

4,4.3.3 Reflected power 

Figure 4.27 shows the total received power at the reader's receiver. This repre
sents the combined power (power coupled from the transmitter to receiver as wTell 
as the reflected power) entering the receiver. The receiver power due to reflected 
power is shown in Figure 4.28. As before, the Distance from reader axis is with 
reference to the tag. 

In Figure 4.28 small scale fading can be observed from 8m to 3m with the 
average power increasing slightly as more of the vehicle enters the reader's field 
of view, with a maximum reflected power of- l ldbm. From 3m to lm the bulk of 
the vehicle is illuminated by the reader and a peak reflected power of -7dBm is 
observed. The reflected power drops of from lm to -0.5m as the vehicle exists the 
field and the prime reflector is the roof of the vehicle. During this phase a peak 
reflected power of around -lOdBm was observed. In the final section between 
-0.5m and -2m. the reflected power returns to levels similar to when the vehicle 

'-
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was out of the field. Again this picture will change when the complete vehicle is 
modelled. 

To summarise, the interrogation zone length for pick-up trucks is around 6.5m 
with a maximum reflected power of approximately -7dBm. 
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Complex Power - Receiver 
(Reader at 57m above ground - Pickup Truck with Tag at 1.644m above ground) 

Distance from Reader (m) 

Figure 4.27: Reader receiver power for a pick-up truck 

Reflected Power - Receiver 
(Reader at 57m above ground - Pickup Truck with Tag at 1.644m above ground) 

Distance from Reader (m) 

Figure 4.28: Reflected power from a pick-up truck 
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4.4.4 Minibus Taxi 
4.4.4.1 Vehicle model 

The model of a minibus taxi, shown in Figure 4.29, is based on the vehicle shown 
in Figure A.4. Several makes and models of vehicles are used as minibus taxis in 
South Africa. A newer, larger model vehicle is used to replace the old box-style 
taxis. 

Figure 4.29: Model of a minibus taxi 

Table 4.6: Minibus taxi's simulation specifics 

Segments Step time Total time (hours) 
Minibus Taxi 11793 17.78m 29,93h 

4.4.4.2 Tag received power 

In Figure 4.31, the power that the tag will receive, given the scenario illustrated 
in Figure 4.29, is graphed. The largest continuous interrogation zone extends 
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Figure 4.30: Side profile of a minibus taxi simulation process 

from 4.6m to 0.1m for a total length of 4.5m. Should the vehicle be travelling at 
the legal speed limit of I20km/h, the total interrogation time would be 135ms. 
Relatively deep nulls are present from 4.5m to 7.5m. Tags with persistence should 
be able to deal with these nulls. Thus, the interrogation zone can optimistically 
be estimated at more or less 6m. 

4.4.4.3 Reflected Power 

Figure 4.32 indicates the power at the receiver of the reader for a minibus taxi 
scenario, which includes the power due to the coupling between the receiver and 
the transmitter of 5.5dBm. The the reflected power (without the transmitter-
receiver coupling) is seen by the receiver as is shown in Figure 4.33. The Distance 
from reader axis of the reflected power in Figure 4,33 is with reference to the tag 
position and not the vehicle position. 

From Figure 4.33, different phases can be determined as the vehicle moves 
through the field of the reader. The reflected power, as the vehicle moves from 
8m to 6m, can be attributed to the nose of the vehicle enterring the field with 
a peak reflected power of -9dBm. Small scale fading that is evident and can be 
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Received Power - Tag 
(Reader at 5.7m above ground - Minibus Taxi with Tag at 1.929m above ground) 
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Figure 4.31: Tag performance for a minibus taxi 

attributed to diffraction and refraction effects caused by the support frames of 
the windshield. The movement from 6m to 2m causes more of the vehicle to be 
exposed to the reader's field although the window reduces the effect somewhat 
and the reflected power shows a higher peak at -7dBm. 

From 2m through to 0m7 the bulk of the vehicle is within the field and the 
reflected power (mostly due to the roof) peaks at -3.5dBm. From Om through to 
-2m the roof still plays a key role in the reflected power which drops to a peak of 
-9dBm. 

In conclusion, the interrogation zone length is around 4.5m (6.5m optimisti
cally) with a maximum reflected energy of approximately -3.5dBm. 
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Complex Power - Receiver 
(Reader at 5.7m above ground - Minibus Taxi with Tag at 1,929m above ground) 
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Figure 4.32: Received power from a minibus taxi 

Reflected Power - Receiver 
(Reader at 5.7m above ground - Minibus Taxi with Tag at 1.929m above ground) 

Distance from Reader (m) 

Figure 4.33; Reflected power from a minibus taxi 
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4.4.5 Bus 
4.4.5.1 Vehicle model 

The model of a bus, shown in Figure 4.34, is based on the vehicle in Figure 
A.5 and models a typical mass transit city bus. Although tour busses and other 
coaches differ from the basic bus model, they are not as common in typical day 
to day traffic and within cities. In order to investigate the placement of tags on a 
bus multiple tags were employed. Table 4.7 provides the key simulation resource 
requirements. 

Table 4.7: Bus' simulation specifics 

Segments Step time Total time (hours) 
Bus 13179 23.27m 39,17h 

Figure 4.34: Model of a bus 

v 



4. SIMULATION RESULTS 4.4 Performance investigations 

Ground Plane 

Reader. 

Direction of 
Movement Tag 

Vehicle 

Figure 4.35: Side profile of a bus simulation process 

4.4.5.2 Tag received power 

Two tag placements were used for this simulation. The power of hind sight 
from simulation proved to be effective since, after the first simulation where a 
tag wras placed along the top edge of the windscreen, it became apparent that 
performance was not satisfactory. Another tag was then placed at the bottom 
of the windscreen, to give improved results as shown in Figure 4.36, Figure 4.36 
gives the received power of the tags placed on the bus as indicated in Figure 4.34. 
What is quite clear from Figure 4.36, is the margin by which the bottom tag out 
performs the upper tag in terms of the tag's received power. 

For the case of the upper tag several deep nulls are present inside the inter
rogation zone. As there is a clear line-of-sight path between the reader and the 
tag, this effect is not solely due to a feature of the vehicle but is also attributed 
to ground reflections, as can be inferred from Figure B.26 in Appendix B. 

On the other hand, the bottom tag performed very well (compared to the top 
tag) and the received power envelope contained only smooth variations and not 
frequent deep nulls as for the upper tag. This leads to the conclusion that the 
optimal location for a tag on a bus is at the bottom of the windscreen. Using the 
bottom tag placement the interrogation zone is around 6m, which translates to a 
interrogation time of around 180ms. 
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Received Power - Tag 
(Reader at 5.7m above ground - Bus with Tags at 1.6264m and 2.5596m above ground) 
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Figure 4.36: Tag performance for a bus 

4.4.5.3 Reflected power 

The total power received by the reader's receiver is graphed in Figure 4.37 and 
again includes the coupling between the receiver and transmitter of the reader of 
5.5dBm. Figure 4.38 is the power reflected by the bus with the coupling effect 
removed. The Distance from reader axis is, again, with regard to the tag position. 

As the vehicle approaches the reader from 8m to 2m. the reflected power 
remains stable with a peak of -12.5dBm. This can be attributed to most of the 
energy from the reader being deflected by the bus away from the reader, and only 
some diffraction and refraction effects influence the reflected power. From 2m 
onward to -2m. the bulk of the bus is in the reader's field and the entire roof is 
also illuminated by the reader, causing the reflected power to peak at -3.8dBm. 
Again, the picture is expected to change if an entire bus is modelled as there is a 
much larger surface area involved. 

To summarise, the interrogation zone length is about 6m long (using the 
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bottom tag) with a maximum reflected power of -3.8dBm. 

Complex Power - Receiver 
(Reader at 5.7m above ground - Schoolbus with Tag at 2.65m above ground) 

Distance from Reader (m) 

Figure 4.37: Received power from a bus 

Reflected Power - Receiver 
(Reader at 5.7m above ground - Schoolbus with Tag at 2.56m above ground) 

Figure 4.38: Reflected power from a bus 
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4.4.6 Freight Truck 
4.4.6.1 Vehicle model 

In figure 4.39, a model of the cabin of a freight truck is shown, as modelled on 
the actual vehicle shown in Figure A.6. Again, only key elements of the truck 
were modelled due to resource constraints. Table 4.8 outlines the aspects of the 
simulation in terms of resource useage. 

Figure 4.39: Model of a freight truck 

Table 4.8: Freight truck's simulation specifics 

Segments Step time Total time (hours) 
Freight Truck 12983 22.76m 38.30h 
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Figure 4.40: Side profile of a freight truck simulation process 

4.4.6.2 Tag received power 

Most freight trucks have an awning / canopy that covers the top edge of the 
windshield to protect the driver from the sun. Several trucks were investigated 
and it was found that most canopies are made from plastic or from sheet metal, 
depending on the manufacturer. In order to investigate the effect of the canopy 
the tag's received power, the tag was placed in the same location as for smaller 
vehicles, namely the top of the windscreen. This effectively obscured the tag from 
the line-of-sight component from the reader. Sheet metal was used as a worst 
case scenario. 

In the bus simulation it was seen that a tag at the top of the windscreen 
posed a problem. Thus, another tag was placed at the bottom of the windshield 
in order to investigate alternative placement. Incidentely, this is also a more 
practical location for a tag from a law enforcement point of view since it is easier 
to access the bottom tag with a hand-held reader. Figure 4.41 shows the received 
power for both tags. It is immediately clear that there is a significant difference 
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between the received power of the two tags, with the bottom tag outperforming 
the top tag with a clear margin. 

The upper tag's received power is such that several deep nulls are present in 
the received power of the upper tag — this is an indication of the interference 
caused by the vehicle. 

Received Power - Tag 
(Reader at 5.7m above ground - Semi Truck with Tags at 2.827m and 2.138m above ground) 

Distance from Reader (m) 

Figure 4.41: Comparative tag performance for a freight truck 

The tag placed at the bottom of the windshield performed significantly better 
with far less nulls than the upper tag. The significant effect that the canopy has 
on tag received energy becomes clear when comparing the performance of the 
bottom tag to that of the upper tag. 

Again, bear in mind that the duration of the interrogation zone is calculated 
from the moment that the received power level exceeds the threshold value of 
-lOdBm. This includes the time that the tag requires to start-up and the reader 
to interrogate the tag. The length of the interrogation zone is about 5.6m, thus 
providing a total interrogation time of 168ms. 
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4.4.6.3 Reflected Power 

Figure 4.42 indicates the reader's total received powrer due to the presence of metal 
from the freight truck as it moves through the field, as well as the transmitter-
receiver coupling. The coupled power can be removed from the received power 
to give only the reflected power from the freight truck as shown in Figure 4.43. 
Again, Distance from reader refers to the position of the tag and not that of the 
vehicle as indicated in Figure 4.40. 

Complex Power - Receiver 
(Reader at 5.7m above ground - Semi Truck with Tag at 2.827m above ground) 

Distance from Reader (m) 

Figure 4.42: Received power from a freight truck 

Please refer to Figure 4.43. As the tag progresses from 8m to 4.5m, the 
power reflected back to the reader remains relatively constant (although small 
scale fading takes place), reaching a peak reflected power of -15.6dBm. From 
4.5m onwards to -2m. the entire vehicle enters the field and is illuminated by the 
reader with the reflected power peaking at 3.5dBm (at 0m). This is also clear 
from Figure 4.42. 
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In practise, freight trucks may carry loads that are physically higher than 
the truck's horse itself, which may result in higher levels of reflected energy. 
These loads typically include shipping containers - this is the reason why shipping 
containers were also investigated in the following section. 

To conclude, the interrogation zone length for a freight truck is approximately 
5.6m with a maximum reflected energy of around 3.5dBm. 

Reflected Power- Receiver 
(Reader at 5.7m above ground - Semi Truck with Tag at 2.827m above ground) 

Distance from Reader (m) 

Figure 4.43: Reflected power from a freight truck 
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4.4,7 Shipping container 

4.4.7.1 Container model 

A shipping container was modelled in order to find the power reflected from a 
container on a truck. It would be interesting to model container tags for the 
purpose of logistics, but it was not the focus of this work and will form the basis 
of further study. 

In Figure 4.44 a model of a shipping container based on Figure A.7 is shown. 
Although this model is primitive, it matched the exact height and width of a 
shipping container. Furthermore, since the shipping container acts as a large 
reflector, this was all that was required. Table 4.9 summarises the aspects of the 
simulation in terms of resource usage. 

Figure 4.44: Model of a shipping container 

Table 4.9: Freight truck's simulation specifics 

Segments Step time Total time (hours) 
Shipping Container 10863 15.07m 25.37h 
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4.4.7,2 Reflected power 

The received power at the reader, as the shipping container passes through the 
field, is shown in Figure 4.45. This includes the effect of coupling between the 
transmitter and the receiver of the reader of 5.5dBm. The coupled power is 
removed, and the reflected power is retained as is shown in Figure 4.46. Since 
there are no tags involved in this simulation, the Distance from reader axis refers 
to the leading edge of the shipping container. 

From Figure 4.46 it is clear that the magnitude of the reflected power starts 
increasing as soon as the container enters the field at 2m. A constant rise in 
the magnitude of the reflected power follows with the peak reflected power of 
-1.5dBm occurring at -0.5m and again a,t -1.5m. Due to resource constraints, the 
modelled shipping container is very short (as compared to a full size shipping 
container) and as such the peak reflected power could be higher when a full size 
container is modelled. 

Recieved Power - Receiver 
(Reader at 5.7m above ground - Shipping Container) 

Distance from Reader (m) 

Figure 4.45: Received power from a shipping container 
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Reflected Power - Receiver 
(Reader at 5.7m above ground - Shipping Container) 

Distance from Reader (m) 

Figure 4.46: Reflected power from a shipping container 
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4.5 In review 
This chapter provided all of the simulations and key conclusions that could drawn 
from the data. The chapter can be divided into three sections namely (i) veri
fication of the simulation tools, (ii) determination of the ideal installation angle 
of the reader, and (iii) the expected tag performance and the magnitude of the 
reflected power for the vehicle classes as introduced in Chapter 3. 

In order to perform the required simulations with regards to the research 
outcomes, the simulation tools had to be verified. This was done by comparing 
theoretical calculations with simulated results. The high correlation between the 
theoretical results and the simulated results verified that the simulation tools 
were functioning correctly. 

Attention was then given to the installation angle of the reader. As the 
installation angle of the reader determined the length of the interrogation zone, 
as well as the average tag received power during the interrogation zone, it could 
affect the performance of the entire system. It was determined by comparing the 
length, average tag received power, and the magnitude of reflected power from 
sheet metal that the optimum installation angle of the reader is 30°. 

The reader installation angle was then used to simulate the tag received power, 
as well as the magnitude of the reflected power for each of the vehicle models. A 
summary of the interrogation zone data (generated from the tag received power) 
is provided in Table 4.10. 

Table 4.10: Summary of interrogation zones per vehicle 

Vehicle Length Duration Nulls 
Box-like passenger vehicle 6.50m 195.0ms Two deep nulls 

Wedge-shaped passenger vehicle 5.00m 150.0ms Various nulls occur 
Pickup truck 6.45m 193.5ms 0 nulls, slight variation 
Minibus taxi 4.50m 135.0ms 0 nulls, slight variation 

Bus - Bottom tag 6.0m 180.0ms Smooth envelope 
Freight truck - Bottom tag 5.60m 168.0ms Smooth envelope 
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Table 4.11: Summary of peak reflected power by vehicle 

Vehicle Peak power 
Box-like passenger vehicle -4.5dBm 

Wedge-shaped passenger vehicle -4.5dBm 
Pickup truck -7dBm 
Minibus taxi -3.5dBm 

Bus -3.8dBm 
Freight truck 3.5dBm 

Shipping Container -1.5dBm 

Table 4.12: Summary of resource requirements per vehicle 

Vehicle Segments Step time (min) Total time (hours) 
Box-like passenger vehicle 8706 

Wedge-shaped passenger vehicle 8163 
Pickup truck 9077 
Minibus taxi 11793 

Bus 13179 
Freight truck 12983 

Shipping Container 10863 

7.68 12.92 
7.68 12.92 
10.08 16.97 
17.78 29.93 
23.27 39.17 
22.76 38.30 
15.07 15.07 

Also of importance is the effect of the reflected power on the receiver of the reader 
as it can "blind" the reader, leading to tags not being read. The peak reflected 
power for each of the simulated vehicles is provided in Table 4.11. As a matter 
of interest, the resource usage, in terms of the number of segments used and the 
total simulation time, is provided in Table 4.12. 
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Chapter 5 

Conclusion 

5.1 Introduction 
This chapter provides a review of the work that was done for this dissertation, 
reviews the research and its outcomes, and provides direction for future study. 
Furthermore, this chapter discusses the pitfalls and the key achievements in the 
development process of the simulation environment. 

5.2 Summary of work 

The work that was done in this research comprises the following: 

1. A literature survey was done on wave propagation principles, fading in 
physical channels, RFID and simulation such as NEC (see Chapter 1); 

2. A simulation environment was created where and additional Matlab® tool 
was created with which to provide parameters to SuperNEC. This provided 
an environment in which objects could be moved through a reader's field 
(see Chapter 2); 

3. A reader antenna assembly and a tag were created by using SuperNEC's 
optimisation function (see Chapter 3); 
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4. A method was devised through which a tag's received power could be de
termined, as well as the power reflected from vehicles' (and other objects') 
metal surfaces (see Chapter 3); 

5. Models were created for most vehicle classes, including passenger vehicles, 
taxis, busses, and freight trucks (see Chapter 3 and Appendix A); 

6. Simulation environments were then created for each of the vehicle classes, 
where each environment included a reader antenna assembly, tag and sim
plified vehicle model (see Chapter 4); 

7. Simulations were executed and results were obtained for optimum reader 
antenna placement, tag received power over distance, reflected power, and 
tag placement (in the case of busses and freight trucks) (see Chapter 4); 

8. Results were analysed and presented in Chapter 4. 

5.3 Research outcomes 

The research outcomes at the onset of this work involved the requirements as 
stated by the local transport authority, SANRAL. Of primary concern was the risk 
associated with using UHF RFID in vehicle identification. The risk was further 
broken down into the following key outcomes, namely to provide an understanding 
of the: 

1. Length of the interrogation zone, in order to give the time available to 
successfully read a data tag; 

2. Power level within the interrogation zone, to provide a qualitative view of 
the channel; 

3. Levels of reflected energy from metal surfaces, to provide a bench-mark for 
drafting a requirement on reader performance (robustness). 
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5.3 .1 R e a d e r o r i e n t a t i o n a n g l e 

In order to determine the length of the interrogation zone, the optimum reader 
angle first had to be determined. The length of the interrogation zone, average 
power level within the interrogation zone, and reflected power were determined, 
with regards to the orientation angle of the reader's antenna. 

Simulations were made to determine the power received by a tag when it was 
moved through an interrogation zone. These simulations also served to demon
strate the functional capability of the simulation software tools. 

It was found from simulations that the ideal installation angle (or orientation 
angle) should be 30° for a balance between maximum interrogation zone length, 
good average power level, and minimum reflections. 

5.3.2 I n t e r r o g a t i o n z o n e l e n g t h 

Simulations were made on five vehicle classes, namely passenger vehicles, pick-up 
trucks, taxis, busses, and freight trucks. In order to do so, all vehicles were 
modelled as primitive objects in order to simplify simulations and adhere to 
resource constraints. Simulation environments were created and simulations were 
run on the different vehicle classes. 

The following was found: 

1. For all vehicles, an interrogation zone could be found that ranged from 4.5m 
to 6m. This is significant as it provides interrogation times from 135ms to 
195ms (at I20km/h) which should be sufficient for interrogation purposes; 

2. For the cases of busses and freight trucks, it was found that tag placement 
was crucial to performance. A tag placed at the lower end of the windscreen 
out performed a tag at the top of the windscreen by a significant margin. 

5.3.3 Power fluctuation 

From the simulation results on tag received power, oscillatory changes in power 
levels were observed for most vehicles due to the mobile environment. In some 
cases, the power level fluctuated significantly (for example the box-like passenger 
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vehicle (see section 4.4.1), whilst in other cases the power level was fairly smooth 
(for example the freight truck (see section 4.4.6). Regardless of the fluctuations, 
the interrogation zones were clearly defined and tags with persistence should be 
able to deal with the observed power fluctuations (this is a qualitative statement 
and results should be verified with tests). 

5.3.4 Reflected power 

Simulation were done with which to determine the levels of reflected energy from 
the metal surfaces of vehicles. This was done to determine a benchmark for speci
fying reader performance in practise. It must be remembered that the transmitter 
receiver coupled energy was removed from the total received energy. The max
imum reflected energy was found to be around 3-4dBm, but the total received 
energy (from transmitter and reflected) was seen to be close to lOdBm. This 
is orders of magnitude higher than the backscattered energy from the tag and 
will most certainly place stress on the receiver's RF section (low noise amplifiers, 
mixers, and AGC's). In the case of monostatic readers, the coupling from trans
mitter to receiver will be even more significant since the circulator circuitry does 
not provide as much isolation as physical separation between bi-static antennas. 

5.3.5 Comments on simulation accuracy 

It is a well known fact that the accuracy of simulations is limited. This is also 
true of EM modelling and simulation. Since the EM environment is highly com
plex, accurate modelling of the environment is a difficult task. Nonetheless, the 
use of simulations in the analyses of RF systems was found to be an invaluable 
tool, even though the simulation results provided a limited degree of fidelity as 
compared to an analogue physical environment. SuperNEC, and the results ob
tained by SuperNEC, should be considered good approximations rather than the 
exact solutions for the following reasons: 

• The relative simplicity of the models due to resource constraints; 

• Inherent variability in EM simulation. 
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All simulations were performed with the maximum accuracy that could be 
applied. In this sense, the SuperNEC structure checker proved to be an invaluable 
tool in detecting unsuitable models. These models contained sections or segments 
that did not conform to design rules and were flagged for attention. Although it 
is possible to conduct the simulations using faulty models, the results could not 
be guaranteed and no warnings were left unattended. 

5.3.6 Stochastic channel modelling 

It is common practise to describe a communications channel in terms of some or 
other underlying stochastic process. Although the communications channel of the 
passive UHF RFID system analysed in this work agrees with the definition of a 
Rician channel, this was not possible since more simulations (and environments) 
are required for statistics to be significant. Therefore, the results obtained in 
this work serve as qualitative visualisation tools that may be enhanced in future 
research. 

5.4 Implementation challenges 

5.4.1 R e s o u r c e r e q u i r e m e n t s 

At the onset of this research, the resources required to accurately perform the sim
ulations were underestimated. Aspects such as the physical storage requirements 
of models, memory and processing power were of key importance and directly 
affected the performance of the software. Initially, 2GB of system RAM was 
available which proved to be grossly inadequate to analyse a significant struc
ture. 

4GB of system RAM was required in order to simulate an environment con
taining close on 14000 segments. In real terms this equates to 6m2 of sheet 
metal, a tag, and a single reader assembly. Although one would assume that 
adding more system memory would lead to an increase in solution capacity, it 
is know that 4GB is the upper limit to memory usage for 32bit applications.An 
attempt to implement the solution on a parallel virtual machine (PVM) — which 
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is effectively a cluster of heterogeneous machines — ultimately failed as the mes
sage passing between members of the PVM took place over a shared network and 
severe bottlenecks were introduced. 

The rise in popularity of virtual machines (and suitable hardware) allows the 
future possibility of implementing the PVM in a virtualised environment where 
several virtual machines perform the processing on a single machine and thus 
avoids the problems associated with multiple machine clusters. 

5.4.2 Software challenges 

Several factors contributed to random failures and or lock-ups of the simulation 
software, including: 

1. Stack overflows and underflows; 

2. Memory leaks; 

3. Power failures. 

Since there was no logical way to determine the source of the memory leaks within 
the SuperNEC code, a way had to be found to mitigate the effects. This was done 
by implementing the processing of a simulation task (consisting of 101 discrete 
steps or jobs) in a queue. This allowed the software to recover from any error, 
crash, or power failure encountered during the simulation process. It should be 
noted, however, that this was by no means an ideal solution but it provided a 
robust method of reducing the effects of a failure on system results. 

5.4.3 Software documentat ion 

The lack of documented features of the SuperNEC tool was frustrating as simple 
(but critical) functions were not documented in the included documentation. 
This mainly pertains to the use of the scripting interface between Matlab and 
SuperNEC and included: 

• Functions that control the surface gridding within a model file; 

• Whether RMS, peak-to-peak, or peak values were calculated; 
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• Non-matching parameter lists to documented functions. 

5.4.4 Intricacies of wire-grid modelling 

It was found that one of the more obscure aspects of wire-grid modelling with 
NEC based codes, is how segments are numbered. Naturally, one would expect 
the segment numbers to remain constant given similar features. This is not the 
case as the segments are numbered according to a specific algorithm for each 
configuration. 

Although the SuperNEC documentation mentions the numbering, in passing, 
there is no dedicated function to extract key segments (typically source and load 
segments) from the constructed model. As a result, routines had to be developed 
to analyse text-based files generated by SuperNEC (using the 1970's NEC format) 
to determine the segment numbers. 

The post-solution segment numbers were not necessarily the same as the pre-
solution segment numbers and the process had to be repeated prior to results 
extraction on a step-by-step basis. This provided a robust solution but was by 
no means efficient for high speed processing of results. As NEC is a text-based 
system, this was however not a major concern. 

5.5 Main achievements 

5.5.1 Automation of SuperNEC 

A significant milestone that was achieved during the course of this work, was the 
automation of SuperNEC with the use of Mat lab® scripts. Although this may 
seem like a trivial task, the combination of simulation data from several hundred 
discrete steps into a single concrete result was a significant undertaking. There is 
certainly room for improvement (most notably an object-based approach). How
ever, this initial work provided a procedural approach capable of generating the 
required results. 
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5.5.2 Custom assemblies 

The creation of custom assemblies, such as the model of the RFID reader, was a 
milestone as this required the detailed analysis of automatically generated files in 
order to correctly place load and source segments. In its default form, SuperNEC's 
standard antenna types only provide the option to include a source segment. For 
the purpose of this work, there was a need for the creation of a load segment. A 
further challenge, associated with a custom assembly such as the reader antenna 
model, was to determine the correct load impedance for a conjugate match. 

Since both the transmit and receive antennas affect each other in the reader as
sembly, a simplistic optimisation routine was used to determine the load impedance 
Similar concepts were used to generate the model of a tag using a standard dipole 
antenna that was modified to include the option of using a load segment rather 
than a source segment. 

5.6 Future direction 

5.6.1 Sensitivity analysis 

This work focused primarily on the creation of a method and tool with which 
to perform simulations. Due to the definition of scope, it was not possible to 
determine the sensitivity of the results obtained to various modeling parameters. 
It is therefore of importance to complete a sensitivity analysis with regards to 
the following parameters: 

• Interclass vehicle variance (height, width, length etc.); 

• Reader antenna (placement, beam width, gain and polarisation); 

• Tag antenna fidelity (gain and sensitivity); 

• Tag placement (proximity to metallic structures). 

Due to the nature of EM modeling, the adjustment of a specific parameter can 
(in general) not be adjusted post simulation. It is therefore required that the 
simulation be redone in order to generate a new set of results according to the 
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environment. This will be a time consuming effort and could be highly automated 
in future work. 

5.6.2 Verification 

The scope of this work did not include extensive verification of measured results 
in the field. The measurement of characteristics inside an EM environment is a 
complicated process at best, and care must be taken to eliminate as many unde
sirable environmental factors as possible. This can only be done properly inside 
an anechoic chamber. However, the proven capability of existing EM tools (such 
as SuperNEC) and the basic verification that was done, served as verification of 
the functional capability of the tool that was derived in this work. Field veri
fication, however, remains one key aspect that needs to be completed in future 
work. 

5.6.3 Up-scaling 

In order to increase the direct applicability of the results attainable by using 
SuperNEC, the size of the environment needs to be scaled up and significantly 
enlarged. The most cost-effective way to achieve this, is to run the software on a 
virtualised clustered computer and, if required, create clusters of machines that 
run virtualised clusters. 

This would allow the detailed investigation of specific characteristics on a 
"per-vehicle" basis and would also allow the detailed investigation of the vehicle 
parameters to which performance is most sensitive. 

5.6.4 Further development 

5.6.4.1 Additional materials 

Since NEC-based code used wire-grids to model surfaces the surfaces typically 
model metal surfaces. However research has been done on the effect of loading 
the wire-grid with discreet components as well as adjusting the spacing of the 
grid itself to mimic the effect of other materials. 
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The addition of surface types to the existing code base would allow a far 
greater range of problems to be investigated using SuperNEC. 

5.6.4.2 64bit computing 

By rewriting the SuperNEC codebase to make use of 64bit (or even 128bit) com
puting, significant gains can be made in the size of the problem space. As system 
RAM is the limiting factor, the Exabyte of RAM (currently 32GB on a single 
motherboard) accessable by 64bit systems would remove the main resource con
straint. However, this would depend on the availability of the source code (which 
is tightly controlled) and proper hardware environments on which to perform the 
development. 

5.6.5 Development of a hybrid simulation environment 

By combining models of the physical environment, the RFID protocol (EPC, 
TOTAL etc.), and mathematical models for RFID readers and tags (to include 
technologies), a complete RFID simulator can be created. Currently, there is no 
such product available. As a result, several different tools must had to be used 
to analyse RFID systems. By effectively creating a single simulation tool for 
RFID applications, the adoption of RFID can be increased as installation and 
operational risks can be minimised. 

5.7 In summary 

The research objectives, that were initially set out, were achieved regardless of 
the physical limitations and challenges. Results of this work have been used to 
affirm the use of passive UHF RFID in EVI applications. 

Since a simulation tool is now available for modelling objects, it will be possible 
to model more than just vehicles. This should create a better understanding 
of RFID and will reduce unwanted effort and uncertainty when dealing with 
environments that are uncertain in the electo-magnetic sense. 
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Appendix A 

Vehicle models 

Figure A.l: Input for box-like passenger vehicle model 
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A. V E H I C L E M O D E L S 

Figure A.2: Input for wedge-shaped passenger vehiele model 
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Figure A.3: Input for pickup truck model 
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A. VEHICLE MODELS 

Figure A.4: Input for minibus taxi model 
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Figure A.5: Input for bus model 
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A. VEHICLE MODELS 

Figure A.6: Input for freight truck model 

Figure A.7: Input for shipping container model 
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Appendix B 

Additional graphs 

This appendix includes all of the additional graphs / images / 3-D plots that 
were generated but not included in the main body of work. 
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B. ADDITIONAL G R A P H S B . l Verification 

B.l Verification 
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Figure B.l: Radiated power vs distance using Friis equation 
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B. ADDITIONAL GRAPHS B.2 Orientation Angle 

B.2 Orientation Angle 

Interrogation zone vs Orientation Angle 
(Reader at 57m above ground - Section at 1 Om above ground)) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B.2: 3D Plot of interrogation zone profile vs Orientation angle at 1.0m 
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B. A D D I T I O N A L G R A P H S B.2 Orientation Angle 

Interrogation zone vs Orientation Angle 
(Reader at 5.7m above ground - Section at 1.5m above ground) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B.3: 3D Plot of interrogation zone profile vs Orientation angle at 1.5m 

Interrogation zone vs Orientation Angle 
(Reader at 5.7m above ground - Section at 2.0m above ground) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B.4: 3D Plot of interrogation zone profile vs Orientation angle at 2.0m 
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B. ADDITIONAL GRAPHS B.2 Orientation Angle 

Interrogation zone vs Orientation Angle 
(Reader at 5 J m above ground - Section at 2.5m above yound) 

Orientation Angle (deg) 
0 -10 

Distance from Reader (m) 

Figure B.5: 3D Plot of interrogation zone profile vs Orientation angle at 2.5m 

interrogation zone vs Orientation Anoje 
(Reader at 5.7m above ground - Section at 3.0m above ground) 

Orientation Angle (deg) 
0 -ID 

Distance from Reader (m) 

Figure B.6: 3D Plot of interrogation zone profile vs Orientation angle at 3.0m 
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B. A D D I T I O N A L G R A P H S B.2 Orientation Angle 

Interrogation zone vs Orientation Angle 
(Reader at 5.7m above ground - Section at 3.5m above ground) 

0 -10 ** 
Onertation Angle (deg) Distance from Reader <m) 

Figure B.7: 3D Plot of interrogation zone profile vs Orientation angle at 3.5m 

Interrogation zone vs Orientation Angle 
(Reader at 5.7m above ground - Section at 4.0m above ground) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B.8: 3D Plot of interrogation zone profile vs Orientation angle at 4.0m 
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B. ADDITIONAL GRAPHS B.2 Orientation Angle 

Interrogation zone vs Orientation Angle 
(Reader at 5.7m above ground - Section at 4.5m above ground) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B.9: 3D Plot of interrogation zone profile vs Orientation angle at 4.5m 

interrogation zone vs Orientation Angie 
(Reader at 5 Jm above ground - Section at 5.0m above yound) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B.IO: 3D Plot of interrogation zone profile vs Orientation angle at 5.0m 
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B. ADDITIONAL GRAPHS B.2 Orientation Angle 

Interrogation zone vs Orientation Angle 
(Reacter at 5.7m above ground - Section at 5.5m above pjound) 

Orientation Angle (deg) Distance from Reader (m) 

Figure B. l l : 3D Plot of interrogation zone profile vs Orientation angle at 5.5m 
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B. ADDITIONAL GRAPHS B.3 Length vs Average power 

B.3 Length vs Average power 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 1m above ground) 

Orientation Angle (deg) 

Figure B.12: Interrogation zone length vs interrogation zone power at l.Om 
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B. ADDITIONAL G R A P H S B.3 Length vs Average power 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 1.5m above ground) 

Orientation Angle (deg) 

Figure B.13: Interrogation zone length vs interrogation zone power at 1.5m 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 2m above ground) 

Orientation Angle (deg) 

Figure B.14: Interrogation zone length vs interrogation zone power at 2.0m 
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B. ADDITIONAL G R A P H S B.3 Length vs Average power 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 2.5m above ground) 
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Figure B.15: Interrogation zone length vs interrogation zone power at 2.5m 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 3m above ground) 

Orientation Angle (deg) 

Figure B.16: Interrogation zone length vs interrogation zone power at 3.0m 
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B. ADDITIONAL G R A P H S B.3 Length vs Average power 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 3.5m above ground) 

Orientation Angle (deg) 

Figure B.17: Interrogation zone length vs interrogation zone power at 3.5m 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 4m above ground) 

Orientation Angle (deg) 

Figure B.18: Interrogation zone length vs interrogation zone power at 4.0m 
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B. ADDITIONAL GRAPHS B.3 Length vs Average power 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground. Tag 4.5m above ground) 

Orientation Angle (deg) 

Figure B.19: Interrogation zone length vs interrogation zone power at 4.5m 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 5m above ground) 
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Figure B.20: Interrogation zone length vs interrogation zone power at 5.0m 
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B. ADDITIONAL GRAPHS B.3 Length vs Average power 

Interrogation zone length vs Orientation angle 
(Reader 5.7m above ground, Tag 5.5m above ground) 

Orientation Angle (deg) 

Figure B.21: Interrogation zone length vs interrogation zone power at 5.5m 
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B. ADDITIONAL GRAPHS B.4 Complete interrogation zone 

B.4 Complete interrogation zone 

Reader Field of View at 0.5m above ground 
(Reader at 5.7m tiled at 30deg relative to the ground) 

Distance from Reader (m) 
Offset from Reader centre (m) 

Figure B.22: 3D Representation of interrogation zone at 0.5m 
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B. ADDITIONAL GRAPHS B.4 Complete interrogation zone 

Reader Field of View at 1m above ground 
(Reader at 5.7m tifted at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.23: 3D Representation of interrogation zone at 1.0m 

Reader Field of View at 1.5m above ground 
(Reader at 5.7m tilted at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.24: 3D Representation of interrogation zone at 1.5m 
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B. ADDITIONAL GRAPHS B.4 Complete interrogation zone 

Reader Field of View at 2m above ground 
(Reader at 5.7m tiled at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.25: 3D Representation of interrogation zone at 2.0m 

Reader Refd of View at 2.5m above ground 
(Reader at 5 J m tiled at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.26: 3D Representation of interrogation zone at 2.5m 
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B. ADDITIONAL GRAPHS B.4 Complete interrogation zone 

Reader FiekJ of View at 3.0m above ground 
(Reader at 5.7m tiled at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.27: 3D Representation of interrogation zone at 3.0m 

Reader Field of View at 3.5m above ground 
(Reader at 5.7m tiled at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.28: 3D Representation of interrogation zone at 3.5m 
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B. ADDITIONAL G R A P H S B.4 Complete interrogation zone 

Reader Field of View at 4.0m above ground 
(Reader at 5.7m tilted at 30deg relative to the ground) 

Distance from Reader (m) 
Offset from Reader centre (m) 

Figure B.29: 3D Representation of interrogation zone at 4.0m 

Reader Field of View at 4.5m above ground 
(Reader at 57m tiled at 30deg retetive to the yound) 

5 "* Distance from Reader (m) 
Offset from Reader centre (m) 

Figure B.30: 3D Representation of interrogation zone at 4.5m 
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B. ADDITIONAL GRAPHS B.4 Complete interrogation zone 

Reader Field of View at 5m above ground 
(Reader at 5.7m tilted at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.31: 3D Representation of interrogation zone at 5.0m 

Reader Field of View at 5.5m above ground 
(Reader at 5.7m tiled at 30deg relative to the ground) 

Offset from Reader centre (m) 
Distance from Reader (m) 

Figure B.32: 3D Representation of interrogation zone at 5.5m 
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