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Abstract

Radio frequency identification (RFID) is an automatic identification technology
which utilizes radio-frequency electromagnetic fields to identify objects carrying tags
in the reading range of a reader. Such identification over a wireless channel doesn’t
necessitate the tag and the reader being in physical contact or line-of-sight (LOS)
aligned.

This preferable feature of sending identification data wirelessly may adversely affect
the performance of the RFID system, because even when LOS path exists, heavy
small-scale fading may still be present due to indoor operation, a cluttered reader
environment, and the inhomogeneous nature of the tagged object. To mitigate this
fading problem and increase the read reliability, space-time block coding (STBC) for
multiple-input multiple-output (MIMO) RFID systems is suggested and employed.

In this thesis, a performance analysis of orthogonal space-time block codes (OSTBC)
in passive MIMO RFID system is conducted. More particularly, the conditional
moment-generating function (MGF) approach is employed to analyse the performance
of OSTBC over Nakagami-g (Hoyt) MIMO RFID backscattering channels. New
exact and asymptotic closed-form symbol error rate (SER) expressions are derived for
the case of two and four reader-receiving antennas (N = 2, 4).

The diversity order that the system can achieve is found to be L, where L is the
number of tag antennas, and the performance of this channel is found to be more
sensitive to the channel condition (the g parameter) of the forward link than that of
the backscattering link. A good agreement with previous published studies was

observed for the special case that the Hoyt fading covers.



Keywords: backscattering, cascaded structure, Nakagami-q (Hoyt) fading, radio-
frequency identification, multiple-input multiple-output, symbol error rate, diversity

gain, space-time block code.
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Chapter 1

Introduction

1.1 Motivation

RFID is a form of wireless non-contact communication that uses radio waves to
automatically identify and track objects [1]. A basic RFID system is made up of three
primary components: RFID readers (also known as interrogators), RFID tags (also
known as labels), and a data processing subsystem [2]. The tag contains electronically
stored information which can be read from up to several meters away in response to
reader's interrogating radio waves. Depending on power supplying methods, RFID
tags are divided into three categories, passive, active, and semi-passive (also called

battery assisted passive) tags [3].

Because passive tags are the least expensive of these three types, they are commonly
used in high volumes of applications. For passive RFID tags that draw energy from
the reader and simply reflect back a modulated signal to it, the channel between the
reader and the tag is the cascade of two fading channels, the forward and backscatter
links [4]. This cascaded channel, which is characterized as a query-fading-coding-
fading structure, causes deeper and more frequent small-scale fades than the
conventional one-way channel resulting in lower transmission reliability and shorter
read ranges [3].

Unfortunately, this poor reliability may render RFID technology practically infeasible
for many application scenarios. Thus, assessment and extensive performance analysis

are a necessity.



1.2 State of the Art

Few fading measurements have been conducted and reported in the literature. Fading
on the signal received by the RF tag was the focus of Mitsugi and Shibao [5] [6] and
Polivka et al. [7] studies. Others have studied fading on the signal received by the
reader: Kim et al. [8] have presented small-scale fading statistics (the cumulative
distribution functions) for short ranges in an indoor environment at 2.4 GHz, while
Banerjee et al. [9] [10] have presented fading measurements at 915 MHz and
demonstrated the importance of spatial and frequency diversity to

effectively mitigate multipath fading effects.

In an effort to provide a more comprehensive view of the MIMO RF backscattering
channel’s behavior, extensive analysis was also performed. In [11] [12] [13] [14],
researchers provided analytical bit error rate (BER) and revealed several interesting
properties of the channel assuming a Rayleigh fading channel. Others studied the
behavior of the channel under more general fading models; in [15] researchers
analytically investigated the operating range of this MIMO structure under the
Nakagami-m fading channel. In [16] the authors presented a general formulation to
study orthogonal space-time block codes (OSTBCs) for RF backscattering with
different fading assumptions and then analytically studied the SER performances

under Rician fading and Nakagami-m fading.



1.3 Thesis Contribution

Recently, the Nakagami-q (Hoyt) model is being used frequently in performance
analysis and other studies related to mobile radio communications [17] [18] [19] , and

it shows good ability to describe the statistics of real-world radio channels.

This thesis proposes to extend the work done in [16] by considering Hoyt RF
backscattering channels. New exact and asymptotic closed-form expressions are
derived for the SER of the OSTBC over Hoyt RF backscattering channels using the
conditional MGF approach [20]. Several interesting properties of this channel have
been discussed: the achievable diversity order and the effects of forward and
backscattering links on the SER performance.

The suitability of approximating the performance of this system with a properly
chosen Nakagami-m model was also examined. A comparison with previously-

published studies was conducted for the special case that the Hoyt fading covers.

1.4 Outline of the Thesis

This thesis is organized as follows: Chapter 2 describes RFID technology at
an overview level. Chapter 3 discusses the fading concept and distributions types and
deals with the MIMO RFID system model and related diversity techniques. Chapter 4
briefly reviews the space-time coding and introduces the conditional MGF approach
used to analyse the performance of OSTBC. In addition, it presents the derivation of
closed-form SER expressions of OSTBC over Hoyt fading. Numerical results are
presented and discussed in Chapter 5. Finally, conclusions are drawn and future topics

are suggested in Chapter 6.



Chapter 2

RFID Technology Overview

In recent years, systems employing RFID technology have been rapidly growing, and
successfully applied in areas of manufacturing, supply chain, agriculture, healthcare,
and services to name a few. This chapter briefly describes the RFID system, from its

basic structure to its most recent applications and benefits.

2.1 RFID Systems

RFID belongs to a broad category of technologies referred to as automatic
identification and data capture (AIDC). AIDC methods automatically identify objects
and collect their data without manual data entry. The main difference among these
technologies is in the way of storing and retrieving identification data by requiring
less human intervention.

RFID methods utilize radio waves to wirelessly accomplish this identification and
data-capturing process. RFID excelled in the AIDC industry through its ease, speed,
agility and endurance and subsequently became a major topic of research in these
current years.

The first idea behind RFID was published by Harry Stockman in 1948 [21]. In [21],
he describes the antenna load modulation technique, in which, as will be detailed
later, the amount of power reflected back to the RFID reader antenna can be varied by
alternating the load of the RFID tag antenna. This basic concept is still being used in

all RFID systems in more or less sophisticated ways.



The most common RFID system architecture consists of three key elements [22]:

e The RFID tag, or transponder, that is the small mobile unit attached to the item
of interest to unequivocally identify it.

e The RFID reader, or transceiver, which queries transponders for information
stored on them. Its functions could also include powering the tag and writing
data to it.

e The data processing subsystem or server, which processes the data obtained
from readers.

Following are the detailed discussion of each component of the RFID system.

2.1.1 RFID Tags:

Typical transponders (transmitters /responders) or RFID tags consist of an integrated
circuit (IC) connected to an antenna [22]. They come in many different designs,
shapes, and sizes (see examples in Figure 2.1). They may broadly be classified under
three categories depending on: how the tags obtain power; the frequency at which

they operate; and the various functionalities implemented on them.

Figure 2.1: Pictures of some RFID tag types



2.1.1.1 Power Source:

A tag requires power to process signals received from the reader and to send the data-
encoded (either reflected or generated) signals back to it. Depending on how tags

obtain the power and how they use that power, tags are classified as [23]:

e Passive tag: does not have its own power source or an active transmitter. This
tag obtains a small amount of power from reader interrogating signals to
energize its IC and to communicate back to the reader.

e Semi-passive tag: also called semi-active, battery-assisted passive or battery-
assisted tag, this tag has an on-board battery to power its IC, but, like a passive
tag, it uses backscatter to communicate with the reader.

o Active tag: has an on-board power source, usually a battery, and an active
transmitter. This tag uses the battery to power its IC and transmitter. It does

not need emitted power or radio signals from the reader to transmit its data.

2.1.1.2 Frequency of Operation:

RFID technology uses the radio wave portion of the electromagnetic spectrum; the
entire electromagnetic spectrum includes gamma-rays, X-rays, ultraviolet light,

visible light, infrared light, microwaves, and radio waves as shown in Figure 2.2.
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Figure 2.2: A graph of the electromagnetic spectrum with the frequency bands that the RFID
systems can use [24]

Within the radio spectrum is an enormous range of frequencies. To categorize and

manage the different areas of the spectrum, the radio spectrum is split into many

different bands, but RFID technology uses only four: low frequency (LF), high

frequency (HF), ultrahigh frequency (UHF), and microwave. The exact frequency that

the tag operates in varies depending on the application and the regulations in different

countries, and accordingly the maximum achievable read range varies [22].

The frequency bands and the most common RFID system frequencies are listed in

Table 2.1.



Table 2.1: RFID frequency bands and the corresponding read ranges for passive tags

Range LF HF UHF Microwave
Frequency 30-300 KHz 3-30 MHz | 300-1000 MHz 1-6 GHz
Available

Used for RFID | 125-134 KHz | 13.56 MHZ 433 MHz & 2.4 & 5.8 GHz
860-960 MHz
Read Range ~ 0.5 Meters | = 3 Meters ~ 9 Meters > 10 Meters

2.1.1.3 Functionality (EPCGlobal Classes):

EPCGlobal is leading the development of industry-driven standards for the electronic

product code (EPC) to support the use of RFID systems. Depending on the tag

functionality, EPCGlobal has classified RFID tags into different classes [25] [23]. The

main criteria for differentiation are read/write capability, source of power, capacity of

memory, and capability of communication. Table 2.2 shows this RFID tag

classification.

Table 2.2: EPCGlobal tag classes

Class Description
Class 0 | Passive, Preprogrammed Read-Only IC chips
Class 0+ | Passive, Write Once Read Many (WORM) IC chips, using class 0
protocols.
Class | | Passive, WORM IC chips.
Class Il | Passive, Read/Write capability with memory available for user, and
extras such as encryption.
Class 111 | Semi-passive tags with on-board environmental sensors, Read/Write
capability, and memory space availability for user.




Class IV | Active with on-board sensors, Read/Write capability, user memory, and
provision for peer communication with other similar active tags and

interrogator.

Class V | Similar to Class IV tags but with additional functionality; can provide

power to other tags and communicate with devices other than readers.

2.1.2 RFID Readers:

Typical transceivers (transmitters /receivers) or RFID readers are made up of
primarily two components: the antenna and the interrogator circuitry [23]. The
antenna is used for communication with the tag using RF waves, and, as discussed

before, it could also be used to power the tags ICs for passive tags.

The interrogator circuitry is an intermediary between the reader antenna and the data
processing subsystem. It’s responsible for sending data through the reader antenna
and then receiving and forwarding it to the back end for processing through a wireless
or wired channel. By doing so, readers delegate most of the computational effort to
other computationally more powerful devices and they are kept as simple as possible.
Interrogator circuitry also coordinates between different reader antennas for the

efficient and successful reading of tags [23].

Readers come, like tags, in a large number of different sizes and features. For
examples they can be handheld, mobile, or affixed in a stationary position, and they
can issue two types of challenge: multicast (addressed to all tags in the range of a

reader) and unicast (addressed to specific tags).



2.1.3 Data Processing Subsystem:

The data processing subsystem is connected to the reader and according to the data
the reader receives; it retrieves appropriate information from its own database or
external database server [26]. The back-end server has a database and manages
various types of information related to each tag, to identify the tag; the tag’s response
is transmitted securely to it through authenticated reader. This back-end server must

be trusted and capable of processing concurrent queries from a lot of readers [26].

A graphical representation of the RFID components and their basic connections is

shown next in Figure 2.3.

Wired
RFID Reader

(i

Wired
RFID Reader

RFID Reader

Figure 2.3 Basic components of an RFID system. From left to right: a back-end, RFID
readers, and RFID tags [22].

2.2 Benefits of RFID

To demonstrate the potential benefits of RFID, the biggest emphasis is given on
comparison with its nearest rival in the market, the optical barcode. The two are
different technologies and have different applications, which sometimes overlap, but

in many circumstances, RFID offers advantages over traditional barcodes and thus the

10



growing tendency today is to replace the barcodes with RFID transponders. A direct

comparison of the two technologies is provided in the next table.

Table 2.3: RFID vs Barcode: Advantages and disadvantages comparison

RFID Barcode
LOS Not required. Items can have any | Definitely required. Scanner must
orientation, as long as it is in the physically see each item directly
read range. to scan, and items must be
oriented in a very specific manner.
Read Passive UHF RFID: Several inches up to several ft.
Range - Up to 40 ft. (fixed readers)
- Up to 20 ft. (handheld readers)
Active RFID:
- Up to 100's of ft. or more
Read Rate | High throughput. Multiple (>100) | Very low throughput. Tags can
tags can be read simultaneously. only be read manually, one at a
time.
Read/Write | More than just reading. Abilityto | Read only. Ability to read items
Capability | read, write, modify, and update. and nothing else.
Human Virtually none. Once up and Very labor intensive; as they must
Capital running, the system is completely | be scanned individually.
automated.
Storage Large data capabilities such as Only the manufacturer and
Capacity | product maintenance, shipping product identification numbers.

histories and expiry dates can all

No additional information such as

11




be programmed to the tag.

expiry date etc.

Durability

High. Rugged in nature and much
better protected, can even be
internally attached, hence
operable in very harsh

environments.

Low. Easily damaged (ripped) or
removed; cannot be read if dirty

or greasy.

Security | High. Difficult to replicate. Data | Low. Easily reproduced or forged.
can be encrypted; password-
protected, or include a “kill”
feature to remove data
permanently.

Event Capable. Can be used to trigger Not capable. Cannot be used to
Triggering | certain events (like door openings, | trigger events.

alarms, etc.).

Cost Expensive. Beside the main cost Less expensive. Directly printed
of the tag’s chip, extra cost (and onto plastic or paper materials,
delay) for printing and attaching therefore the only cost involved is
the tag and the maintenance of the ink; a tiny overall cost.
databases.

Technology | Has global standards, but stillan | The most widely wused and
Maturity | immature technology. Possible accepted standard worldwide.

standards discrepancies when the
tags have to go through different

regions of the world.

12




The above comparison shows a clear benefit of RFID over the Barcode technology,
with some shortcomings which are currently being worked on throughout the world.
After proper weighing of the pros and cons, RFID holds a bigger promise and hence

there is a worldwide rush for the development of this technology.

2.3 Application Areas of RFID

Nowadays, due to its flexibility and numerous advantages compared to other
identification systems, as discussed in the previous section, RFID is being researched
and investigated by both industry and academic scientists and engineers around the
world. A significant advancement on this technology has been gained within a short
period of time that they are projected now to be implemented in almost all sectors of
businesses and service industries. Current diversified RFID applications can be

classified into several categories as follows [27] [28]:

1. Supply Chain Management. Some companies have applied RFID technology
to track inventories inside their factory and control the overall manufacturing
process. With the implementation of RFID into supply chain management
came the automation of supply chain management operations and protocols,
leading to reduction of annual profit losses due to human error (manually
scanning goods) and running out of stocks in retail outlets (RFID enables early
detection of depleted goods and resources). Similar tracking scenarios can be

applied for libraries, bookstores, airline baggage and livestock.

13



2. Healthcare. The healthcare industry has been massively investing in RFID to
monitor many critical processes, including the healthcare supply chain,
prevention of drug counterfeiting and patient safety to name a few. This could
reduce the risk of patients’ exposure to infected not properly-tracked
equipment and assure the un-reusability of discarded drug packaging by

companies attempting to sell counterfeit pharmaceuticals.

3. People Management. Some companies and educational institutes have added
RFID technology to their systems for managing their members. For example,
RFID technology is commonly used to manage employee attendance; and
control buildings’ access. Many countries have also started using RFID-
embedded passports (known as biometric or e-passports) with smart chips that
additionally to the traditional passport information: holder's name, date of

birth, and other biographic information, contains a biometric identifier.

4. Transportation. Many countries in the world have started using a cashless or
‘cash-lite’ payment system for public transport by introducing RFID cards that
could be loaded in advance with cash. This cashless ticketing decreases the
bus drivers’ workload and the risk of a traffic accident due to distractions, and
ensures accountability and safety in the transport sector by removing the need
for commuters to carry cash. Additionally, with proper records of the collected
money, the government would be able to tax the income earned from public

transport more efficiently.

5. Automatic Payment Method in Stores. At present, a barcode technology is

used in many stores for identifying purchased items one by one. By using

14



RFID, people just need to pass an RFID reader and the payment for all the

items will be automatically charged online without waiting at the counter.

Although RFID applications are utilized in many areas, no single RFID system can
meet the criteria for all applications because of their different required features. For
example, some applications require short range (up to 1.5 m) low cost tags (luggage
tagging) while others require long range (over 20 m) and more robust tags (expensive
equipment and vehicle tagging). Hence, the design of an RFID system or the picking

of an existing one is firmly determined by the application for which it will be used.
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Chapter 3

Fading Channels and Backscatter MIMO RFID Systems

3.1 Multipath Fading

Accurate tag reads are vital for the successful implementation of an RFID system.
Read reliability of RFID systems is affected by several factors, including multipath

fading.

To understand the multipath fading scenario, consider a wave sent from a transmitting
antenna. If the transmitting or receiving antenna is close to conducting or dielectric

objects, some of the transmitted signal gets scattered off these objects [29].

These scattered waves can reach the receiving antenna by different paths and, as a
result, arrive distorted in amplitude, phase and with different angles of arrival. As
these waves combine constructively and destructively, the RF tag’s received power
will vary as a function of its position, a phenomenon known as multipath fading and

at any given point in space, the RFID system may not have sufficient power to operate

properly [29].

A common method to analyze multipath fading is to represent the variation of the
received signal strength by a stochastic model. In this approach, the behavior of the
signal amplitude—or envelope is modeled as a random variable whose value is
determined by a prescribed probability distribution function (PDF). Depending on the

16



nature of the radio propagation environment, there are different models describing the

statistical behavior of the multipath fading envelope [30]

3.1.1 Statistical Channel Models of RFID Systems:

The proper characterization of fading PDFs is important for estimating the
performance of the RFID system. Therefore, a deep understanding of multipath fading

statistics in the backscatter channel is imperative.

Many RFID studies, including the analytical study in [12] [13] [14], and the
simulation study in [11] assumed that the RFID subchannels experience non-line-of-
sight (NLOS) Rayleigh fading. But since backscatter channels usually exhibit LOS
propagation, the Rician fading would be a more appropriate model as stated in [8],
[11]. Other studies concluded that the fading gains of the multipath components in an
indoor ultrawide bandwidth backscattering channel can be well described by a

Nakagami-m distribution [31], [32].

In Chapter 4, the focus will be on the Nakagami-q (Hoyt) distribution, when deriving
the mathematical expression for the SER of OSTBC in MIMO RFID backscattering

channel. Now, this distribution model is introduced in more details.

3.1.2 Nakagami-q (Hoyt) Distribution:

In communications theory, Nakagami-q (Hoyt) fading is a statistical model used to
model signal fading due to strong ionospheric scintillation in satellite communications
[17] or in general, those fading conditions more severe than Rayleigh.
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This model was first introduced by Nakagami [33] as an approximation for the
Nakagami-m fading distribution in the range of fading that extends from the One-
sided Gaussian model (when g = 0) to the Rayleigh model (when g = 1) [34].
Recently, this model is being used more frequently in performance analysis and other

studies related to mobile radio communications [17] [18] [19].

If h is defined to be the envelope of a Hoyt fading channel, and ( is the variance, then
the PDF f;,(h) of the random variable h is given by:

_(1+q?)*n2

4\ 2
2920 Io(%) Ch>0

1+g%) h
(1+4?) o

fa(h) = aQ

(3.1)
0 , h<0

where I, (.) is the zeroth-order modified Bessel function of the first kind, and q is the
Nakagami-q fading parameter [17] . Curves for the PDF of Hoyt distribution for

different values of g and Q are shown in Figure 3.1.

2 T 4 T
—>—0=0 , Q=0.2 (One-sided Gaussian)
——qg=0 , Q=0.5 (One-sided Gaussian) []
g=0 , Q=1 (One-sided Gaussian) ||
b —<%—g= 0.5, 0=0.5
14 h —B—g=05,0=1 i
D g=1 , O=0.5 (Rayleigh)
12 ATQX%& g=1 ,Q=1 (Rayleigh) i

1.8 5

1.6 [

Probability Density Function fh(h)

Figure 3.1: Hoyt PDF f 1 (h) vs. fading gain h for different values of q and Q
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3.2 Motivation for MIMO RFID

The previous section states that small-scale multipath fading can significantly reduce
an RF-tag’s read range and reliability. An efficient way to cope with this fading
problem is through the use of diversity techniques in which the receiver is afforded
multiple, redundant replicas of the transmitted signal under varying fading conditions.
These techniques reduce the probability of a deep fade occurring simultaneously to all

the signal’s replicas [35].

There are several different types of diversity which are commonly employed in
wireless communication systems [35]:

e Temporal diversity, in which channel coding and interleaving are used to
replicate and distribute the signal in time.

e Frequency diversity, in which the signal is transmitted using several frequency
channels or spread over a wide spectrum that is affected by frequency-
selective fading.

e Antenna/spatial diversity, in which multiple antennas at the transmitting
and/or the reception side are used to provide different copies of the signal that

undergo independent fading.

In this thesis, the main focus will be on spatial (antenna) diversity techniques. One
way of exploiting antenna diversity is to equip a communication system with multiple
antennas at the receiver. This technique is referred to as receive diversity and it
usually leads to considerable performance gain, both in terms of the interference

tolerance and the link budget (which quantifies the link performance by accounting
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for all of the gains and losses from the transmitter to the receiver in a system) [36].
The receiver can use one of three diversity combining techniques to improve the
quality of the received signal [35]:
e Selection: select the strongest signal from the different signal replicas.
e Switching: switch to another signal when the currently selected signal drops
below a predefined threshold.
e Maximal Ratio Combining (MRC): linearly combine a weighted replica of all

received signals.

Recently, transmit diversity (equipping the transmitter with multiple antennas) has
attracted much attention because of its ability to reproduce many of the benefits as
well as a substantial amount of performance gain of receive diversity using new
powerful techniques [36]. The next chapter sheds the light on OSTBC the most

attractive technique of them.

Schemes which use multiple transmit and receive antennas for communicating over a
wireless channel are called MIMO schemes, thus employing multiple antennas at both

the RF-reader and the RF-tag results in a RFID-MIMO system.

There have been several studies about RFID-MIMO. Ingram et al. [37] were the first
to discuss using antenna diversity to mitigate small-scale fading in RFID systems.
However, in many later studies equipping the reader with multiple antennas was not
purely motivated by small-scale multipath fading. For example, the multi-antenna

reader in [38] was used to reduce collisions between simultaneous responses of
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multiple proximity tags, where in [39] it was used to improve the localization of RF

tags and in [40] to track moving RFID tagged items through its portal.

Others have also proposed using multi-antenna RF tag. But these antennas were not
purposely used to combat small-scale multipath fading. For example; in [41] multiple
energy-harvesting antennas were used to increase the energy or power/area ratio
available to the tag, and in [42] an array of retrodirective antennas permitted the tag to

directly point the backscattered signal towards the reader.

In general, it can be concluded that applying multiple transmit and receive antennas
(MIMO) setting to the RFID system is an effective approach for solving the NLOS
problem when exists, and improving the coverage and the reliability of the system and
thus further extending its information-carrying capacity. Additionally, some advanced
technology in MIMO can be used to solve the problem of simultaneously detecting

several objects.

3.3 Backscatter MIMO RFID Systems

3.3.1 Far-Field Propagation and Backscatter Principle:

Passive tags are the most prominent type in use within RFID today. In general, they
are the longest-living, the cheapest, and the easiest to manufacture. Since they do not
have an active transmitter that communicates with the interrogator, they typically use
a process known as electromagnetic coupling to obtain power and transfer data. As
shown in Figure 3.2, the main RFID coupling techniques are: the inductive coupling

to the reactive energy circulating around the reader antenna and the backscatter (also

21



known as radiative) coupling to the real power contained in free space propagating

electromagnetic plane waves [43].
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Figure 3.2: The main RFID coupling techniques [44]. (a) Inductive Coupling. (b) Backscatter
Coupling.

The type of coupling used depends on the operating frequency and the distance

between the tag and the interrogator antenna. Inductive coupling is limited to LF and

HF tags with relatively short reading ranges in the near-field zone of the reader,

whereas UHF and microwave tags use far-field backscatter coupling to communicate

over longer read distances [43].

In this thesis, the term “RF tag” will refer to passive backscatter tags operating in the
far-field of the reader, unless specified otherwise. A very simple way to illustrate the

operation of a passive backscatter RFID system is shown schematically in Figure 3.3.

The RFID reader transmitter initiates an inventory round by broadcasting an
unmodulated carrier or continuous wave (CW) , which is also called query signal, the
RF tag then responds to this enquiry by backscattering the reader’s CW signal. The

backscattering (i.e., the reflection of the incoming carrier power) is achieved through
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the tag built-in IC which, depending on the data to be transmitted to the reader (i.e.
the ID of the tag), switches between different loads and thus controls the reflection

coefficient of the tag antenna A(t) and the reflected electromagnetic wave [45].

i;afsmitter : Forward Link !
Enna I F 1
! A A | Integrated Antenna
i II(\ 'f N
: | || II| |4 Il IIII Il I||I | I| :
, EERVERVARVARVARY !
Receiver | |
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Reader | f\ |ﬁ'| N :
E \ || I|I | |l—|I I| I|I || '—lI | '
VA VR VA VY Voo
i Backsecatter Link E —

Backscatter Channel Passive Tag

Figure 3.3: The operation of passive backscatter RFID system

3.3.2 The General Mathematical Model of MIMO Backscatter RFID Channel:

The MIMO passive channel was first described in [11], as an M X L X N dyadic
backscatter channel, that represents the propagation of signals in a backscatter radio
system consisting of M transmitter, L RFID tag, and N receiver antennas, shown in

Figure 3.4 [13].
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The received signal from the M x L X N dyadic channel (an N x 1 vector) is given

by

r(t) = H° S(OH x(t) + n(t) (3.2)

where x(t) (an M x 1 vector) is the unmodulated signals transmitted from the
reader, n(t) (an N x 1 vector) is the corresponding noises at the reader receivers, H'
(an L x M matrix) is the channel matrix from the reader to the tag, H? (an N x L
matrix) is the channel matrix from the tag to the reader and S(t) (an L X L matrix) is
the signalling (also known as backscattering) matrix that describes the time-varying

modulation and coding of the carrier signals by the L-antenna RF tag [46].

The form of signaling matrix is determined by the physical implementation of the

modulation circuitry and RF-tag antennas as follows [29];
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e Identity Signaling Matrix: when each tag antenna is used to modulate
backscatter with the same signal and no signals are transferred between the

antennas.

$1(t) = A 1, 3.3)

where I is the L x L identity matrix and A(t) is the complex RF-tag antenna

reflection coefficient.

e Diagonal Signaling Matrix: when the tag antennas modulate backscatter with

different signals and no signals are transferred between the antennas.

A 0O .0
sp=| 0 AW -0 (34)
0 0 .. A

Ith

where A;(t) means the load reflection coefficient of the I tag antenna.

e Full Signaling Matrix: If the tag antennas modulate backscatter independently

and signals are transferred between the antennas

A(@)  spp(t) .o sp(D)
Sp(t) = 521:(0 Azz(t) SZL:(t) (3.5)
sp () s2(0) . AL

where again A;(t) represent the load reflection coefficient of the I™ tag
antenna and the off-diagonal elements (i.e., s;;(t) where i # ;j ) represent the

signal transfer between antennas.
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In this thesis, considering the fact that the reader-transmitting antennas only act as
charging devices that send identical query signal from all the M antennas (uniform
query scheme) and that the forward channel gains are independent Gaussian, if the
total transmitted energy is normalized to unity, the forward channel statistics will be
same for any M. So from this time on, the focus will only be on the 1 x L x N channel

and it will be called the N x L channel for simplicity.

For our passive RFID system, the focus will be on the case where the tag antennas
modulate backscatter with different signals and none of the (modulated) backscattered
signals are transferred between these antennas, thus our signalling matrix takes the
diagonal form in (3.4). This matrix unequal coefficients’ can be pre-designed
according to a certain space-time code to exploit its remarkable benefits in such
systems as explained in the following chapter.

Now, let s = (A;(t), ..., AL(t))T denote the L transmission symbols simultaneously
transmitted from L tag antennas, (the time index t in the model is ignored from now
on), as an alternative to (3.2) the received signal vector at a particular time point can
be expressed as [46]:

r=Hs +n (3.6)

where H (an N x L matrix) is the channel matrix of the N x L channel, and can be

expressed as

hint minY, .. Rln?,

Wby hlhky .. hIRD,
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Where hlf’s (I=1,..,L) represent forward channels of the N xL channel, h?,’s

(l=1,..,L),(n=1,..,N) represent backscattering channels and h{ and hp, are
assumed to be statistically independent of each other [13]. And each element of
n=(ny,..,ny)7" is complex gaussian distributed with zero mean and unit variance.
Subchannels h{ and hp, follow certain fading distribution depending on the

propagation environment.
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Chapter 4

Backscatter RFID Systems with Space-time Coding over Hoyt

4.1 A Space-Time Coding Approach for RFID MIMO Systems

The focus of this section is on one of the MIMO transmit schemes, space-time
signaling; with a brief overview of employing this technique at the tag end of MIMO

RFID systems.

4.1.1 Space-Time Coding:

A space—time code is a family of diversity techniques employed to improve the
reliability of data transmission in wireless communication systems using multiple
transmit antennas and appropriate signal processing in the receiver [47]. STC relies
basically on the diversity concept of providing multiple uncorrelated copies of a
signal — diversity branches- in the hope that combining these different (hopefully
independent) branches will significantly reduce the signal fades and allow reliable

decoding.

In the case of Space—Time Block Codes (STBCs) in particular, the data stream to be
transmitted is encoded in blocks, and distributed among spaced antennas and across
time, which gives the name, “space-time coding”. The encoder is simply represented
by a matrix; each row denotes a time slot while each column represents one antenna’s

transmissions over time.
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G=1: : (4.1)

ZT1 ZTZ nen ZTL

where, z;; is the modulated symbol to be transmitted in time slot i from antenna j.

There are to be T time slots and L transmit antennas as well as N receive antennas.

Defining the code rate as the average number of transmitted symbols per time slot

over the course of one block, then if this block encodes k symbols, the code-rate is

c = k/T [48].

To provide an elegant encoding and linear decoding technique while offering full
diversity benefits in MIMO environments, the STBC is designed to be orthogonal;
columns of its coding matrix are pairwise-orthogonal. The main drawback of STBC
is that full-rate codewords exist only for up to four antennas, if real signaling is
employed and for up to two antennas, if complex signal constellations are used [49].
This rate limitation can be overcome by quasi-orthogonal STBCs that sacrifice the

orthogonality of the code at the expense of inter-symbol interference (ISI) [50] .

Before proceeding to employing STBCs in RFID, it is worthwhile now to briefly

introduce the Alamouti code and its generalized version (OSTBC).
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4.1.1.1 Alamouti Scheme:

Alamouti proposed the simplest and most attractive of all the STBCs in 1998 [51] , it
was designed for a two-transmit antenna system and has the coding matrix:

Z1 Zz] (42)

2z 7

where * denotes complex conjugate.

During the first symbol period, z, and z, will be transmitted from antennas 1 and 2
respectively. During the second symbol period, —z; and z; will be transmitted from
antennas 1 and 2 respectively. Since two information symbols are transmitted over

two time intervals, this code achieves full rate.

It is the only orthogonal STBC that, for complex modulation symbols, achieves rate-1
without needing to sacrifice its data rate. Since almost all constellation diagrams rely
on complex numbers, Alamouti's code has a significant advantage over the higher-

order STBCs despite their better error-rate performance.

4.1.1.2 Higher order Orthogonal Space-Time Block Codes (OSTBCs):

Tarokh et al. [52] extended the Alamouti scheme to a general case; called OSTBC
with an arbitrary number of transmit antennas.

These codes retain the property of having linear maximum-likelihood decoding with
full transmit diversity at low computational cost but they have little or no coding gain.
To provide both diversity and coding gain, one can choose a space-time code that has

an in-built channel coding mechanism, for example space-time trellis codes.
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4.1.2 Employing Space-Time Codes in RFID Systems:

Space-Time codes are employable in passive RFID systems whenever the tag is
equipped with multiple antennas. Information is encoded across the multiple tag
antennas and received by the reader, which also typically possesses multiple antennas.
In [6], the authors first proposed to apply the Alamouti space-time coding technique
to the RFID systems, they presented a closed-form expression for the BER of the
RFID system with the noncoherent frequency shift keying modulation and multiple
transmit antennas at the tag and single transmit/receive antenna at the reader, where

Rayleigh distributed forward and backscattering links are assumed.

A number of later MIMO RFID studies have also applied this technique but with
some variations on the environment. For example: the authors in [13] analyzed the
BER performance of the MIMO RFID channel under two transmission schemes, the
identical signaling transmission scheme and the Alamouti’s coding scheme, but with
binary phase shift keying (BPSK) modulation and multiple reader receive antennas.
While [16] differs only by assuming Nakagami-m and Rician fading distributions at

the forward and backward links.

Similar to the aforementioned studies, a note was made in the previous chapter of
using tag antennas with unequal reflection coefficients and with no signal transfer
between them in our customized MIMO RFID model. And that this diagonal
signaling matrix can be obtained by pre-designing the coefficients according to a

certain space-time code.
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Thus, if Alamouti’s code is to be implemented, the tag circuit design will follow the

diagonal signaling matrix at time slotst=1and t = 2 as

sw=[3 ] s@=[7 ] @3

1

If a tag with two antennas carries the ID (z;; z,; z3; z,) for example, one way to
implement the signaling scheme of (3.4) is to design the reflection coefficients of one
antenna loading to be (z;; —z3; z3; —z;), and the coefficients of the other antenna

loading to be (z,; z7; z3; z4).
4.2 A Conditional MGF Approach for OSTBCs

The PDF approach is a widely used approach to evaluate the SER performance of
different wireless channels, it’s based on evaluating the distribution associated with
the channel matrix first [53]. For the RF backscattering channel case because of its
complex query-fading-coding-fading structure, applying this approach is not
preferable. Alternatively, [16] proposed the conditional MGF approach, as described

next.

We assume that the channel is a quasi-static fading channel and the channel state
information is known at the reader. Because of its orthogonality property, OSTBC can
be transformed from the MIMO fading channel in (3.6) to the following Q parallel

single-input-single-output (SISO) channels [54] :

7= JIH|2§+w (4.4)
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where 7 = (7, ..., )" represents the received symbols that can be detected based on

a simple maximum-likelihood method, ||H||F=\/Zﬁ=12§=1|h{h5n|2is the

Frobenius norm of H, § = ($;, ..., $)" represents the Q incoming symbols, and each
element of w = (wy,...,wy)" is complex gaussian distributed with zero mean and

unit variance.

Let E, denote the average energy per bit and E; denote the average energy per
symbol, then E; = E, log, K where K is the size of the signal constellation. The

instantaneous signal-to-noise ratio (SNR) per symbol is therefore given byy =

2 2
”H”F# % = “H”F#V = ||H||% g ¥, where R = % is the symbol rate, M is the
0
total number of distinct symbols, T is the symbol duration time and g = mgszl

The SER of OSTBC can be calculated by averaging the density of ||H||% over

o( o7 |IHI[})
Postec(¥) = Ey (Q <‘/97||H||i>> :% ;Tz/j G(y) dé (4.5)

Here, the alternative representation of the gaussian Q function as in [53] is employed,

where Q(x) = * [ exp(— -2y d6 forx > 0, 7 = 2L and G(7) =

2sin2@ sin20

71H 2
Ey (exp (— %)) is the MGF of ||H||i.
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To find G(y), define

B[ = i |IH[, = Sy SV afin (4.6)

2 . :

where ||H,||F is the squared Frobenius norm of the I** column of H, &, = |h/|? and
2 . :

Bin = |h£n|2. One can see that ||H 1 |F’s are independent random variables; therefore,

the MGF G (y) can be represented as a multiplication of the MGFs of ||Hl||12:’s

) = i1 () (4.7)

If a; is fixed, the random variable ||H,||12D = a; XN_; B, is exactly the same as the

gain of an N-branch single-input multiple-output system with MRC at the receiver,
with N branches h},, = @;;,, for n = 1,...,N, and each branch has transmission

power q;.

Therefore, the MGF G,(y) is

G = Jy T=1 Ghy e, @) fa (@) ey (4.8)

Therefore,

6F) = Ty (15 TI=: Gnypg, ) fr (@) dery) (4.9)
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where f,, (a;) is the pdf of a; and Ghl,n|al (y) is the MGF of conditional distribution of

h;, on a; (i.e., the squared magnitude of the [** forward channel gain). This
formulation is applicable to any sub-channels fading assumptions. Next, it will be

employed to find the SER performance under Hoyt fading.

4.3 A Conditional MGF Approach for OSTBCs over Hoyt

As noted before the result found in equation (4.9) is general for any fading
distribution assumption. In [16] the SER performance of OSTBC of MIMO RFID
system is evaluated over the Rician and Nakagami-m fading distribution. Here, the
performance of the OSTBC for MIMO RFID channels is revisited to derive a
mathematical expression for the SER performance when Hoyt fading distribution is

assumed at the forward and backward links.

For Hoyt fading, the pdf of «; is

_(1+qf2)2 “ 4
4qf2 1-qf
RN GRS (@10

1+qf2
2qf

fal(al) =

where q; is the q factor of the forward channel. In Hoyt fading, the MGF of g, ,, =
|h?,,|? is given by [53]

— — 2(2=)2 ry
Gp,,(7) = (1+27 + 22 )° (4.11)

(1+gp?)?

Therefore, the conditional MGF Ghl_nm(?) can be given by multiplying the SNR of
(4.11) by o
1

- _ | @lCap?\7
Ghynla(V) = (1 +2ay + %)2 (4.12)
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where g, is the g factor of the backscattering channel. Substitute f, («;) and
Ghl,n|a(7) into (4.8), the exact form of G,;(y) can be given as (see Appendix A)

G =

2)—(2m+1)

(Lo _ _
{00 DiD*™ [ (Ds 2kp¥ _ 2y _
D e (kb M (R1D12 2m+1,1)—M( e 2m+1, 1)) N =2

2y 2 2kp ¥
lzm i D,D,2M <(D12)(2m+1) <(kb - 1M (k1D12 ,2m+1, 2) —ky"(A—ky) M ( Pk 2m+1, 2))) N4
m= = f

mh? | (kp=D) + 2k, M (sz J2m+1,1) = 2k, M (;";7 2m+1,1)

(4.13)

_ 2 _ 2 _ _ _ 1+kf _ 1—kf2
Wherekf_qf ,kb_qb’k1_1+kb’k2_1+kf’D1_2\/_k_f’D2_W
and Dy = —X2_ |n addition, the function

(1+kp)?’
M(s,m,N) = [7 6™ Pem (T4 s )™ dt was well studied in [55] and has a
closed form of
N T k-1 . )
M(sm,N) = essVypt (M1 (-3) Fk-N+1,2)  (414)

When exact forms are complicated, asymptotic expressions are often obtained to

provide a more comprehensive view. Asymptotically, in high SNR regimes:

B C{_ngzb_z =_1 ’ if N =2
a@m ={ ,°, (4.15)
14Ca =1 ifN — 4
g )

Substituting (4.15) into (4.7) then into (4.6) can yield asymptotic expression of SER
for OSTBC (see Appendix A)

Postpc(¥,N,L) = (4.16)
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1+ kqiin(kp) fo_ 1+ks kq? _ kp ky In(kp)

f _ kf b _ —TRf _
where C; , = 2,/kf' C22 = S ' (10 = 2k 2T 200p-12 (kp-1)3 ,and
C - I‘(L+%)
L= oymr@a+1)”

For the special case of Rayleigh fading channels, the SER expressions for the MIMO
RFID system with space-time coding can be found from (4.16) by setting (qr, q,) =
(1,1). But since direct substitution of g, = 1 results in indeterminate forms (0/0) for
the coefficients of backscatter link, instead, the L'Hbpital's rule is repeatedly used to

help evaluate the limit as (g, q,) approaches (1,1) , with which (4.16) reduces to

L
C, (gi) 7L if N =2
Posrec (7, N, L) = N (4.17)
C, (g) 7L, if N=4
. b _ - kiin(kp)
where limg, ,; 7, = qlll)r_r}1 2t 1 and
. T ki?  kpkyln(kp)\ _ 1. ka®(kp=D)—2kp kyln(kp) _ 1
limg, 1 €224 = qlll,r_r)ll (2 (kp—1)2 (kp—1)3 ) - qlll,r_r}l 2(kp—1)3 T3

Eq. (4.17) is equivalent to eq. (33) in [13] for the Rayleigh fading when N = 2, 4.
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Chapter 5

Numerical Results and Discussion

The SER performance of orthogonal space-time block-coded MIMO RFID system in
Hoyt fading channel is evaluated and discussed in this chapter. Firstly, the asymptotic
and exact SER curves are plotted and compared for different number of tag and reader
antennas. Toward this end, the focus was only on the case of coherent BPSK
modulation scheme. Then different observations and properties of the system are

discussed.

Next, the suitability of modeling a Hoyt-fading environment by a properly chosen
Nakagami-m model is assessed, as far as the error performance of the OSTBC over
Hoyt backscattering channel is concerned. To furtherly verify the correctness of our
derived Hoyt-SER performance expression, few performance comparisons are done
with those of the same MIMO RFID system but under different fading distributions
that can also be narrowed down to the special case that the Hoyt fading covers.
Finally, the chapter is concluded by studying the effect of various modulation

schemes on the system performance.

5.1 General Observations

The exact and asymptotic expressions for two and four reader-receiving antennas are
analysed. The following set of figures show the SER/BER curves of OSTBC scheme
with BPSK modulation in the Hoyt N xLL MIMO RFID channel (the SER and BER are

exactly same when using BPSK).
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Figure 5.1: SER performances of the RFID channel for different number of tag antennas (L),
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Figure 5.2: SER performances of the RFID channel for different number of tag antennas (L),

with N = 4 and qs= q,= 0.5.

For different tag-antennas number, it is observed that our asymptotic results match

well with exact expressions for the two cases (N=2, N=4) and that the convergence
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between the exact and asymptotic SER curves takes place at a high value of SNR,
thus validating the correct approximation procedure for the system in high SNR

regimes.

5.2 Properties of MIMO RF Backscattering Channel

Next, two important properties for this RFID channel are discussed: the achievable
diversity order and the effects of forward and backscattering links on the

performance.

5.2.1 Diversity Order:

The diversity order measures how many statically independent copies of the same
symbol the receiver is able to separate. When SNR tends to infinity the slope of SER
vs. SNR in log-scale shows the diversity order. For the asymptotic expressions in
(4.16) the asymptotic diversity orders for the Hoyt fading MIMO RF backscattering

channel with (N=2, N=4) are

. logP(y
do = limy, (= E0D = (5.1)

As also observed in Figure 5.3, where the slopes of these SER curves only depend on

L, the receiving antennas N does not affect the diversity order.
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Figure 5.3: The asymptotic diversity orders for the Hoyt fading MIMO RF backscattering,

Figure 5.3 also illustrates the effect of increasing the number of diversity branches
(from L=1 to L=3 and from N=2 to N=4) on the SER curves of the RFID system for
Hoyt faded signals. It is noticed that the SER is greatly reduced when increasing the
number of diversity branches. For example, when SNR = 15 dB the SER values for
(L,N) = (1,2),(1,4),(2,2),(2,4) are 11.5%1073, 3.56 x 1073, 0.436* 1073 and
0.042 * 1073 respectively. This means that the more is the diversity branches, the less
is the error rate. As mentioned in Chapter 3, diversity techniques are used to combat
signal fading, where the probability that all copies of the signal will undergo the same
fading is small, thus, the use of diversity schemes at the transmit and/or the receive

side will enhance the overall performance of the MIMO RFID system.
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5.2.2 Impact of Forward and Backscattering Channel Conditions:

Another appealing property of the MIMO RF backscattering channel is that the
channel condition of the forward link has a more noticeable impact on performance
than to that of the backscattering link. For example, for Hoyt fading with (N = 2),
Figure 5.4  implies that, with q,=0.3 being fixed, changing
qp (0.3,0.6,and 0.9) doesn’t have a notable effect on the SER curves. Contrarily, with
g, = 0.3 being fixed, SER curves significantly change when g, (0.3, 0.6, and 0.9)
changes. Figure 5.5 shows that similar observations are true for the Hoyt distributed

forward and backscattering links with four reader-receiving antennas.
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Figure 5.4: The effects of forward and backscatter links on the performance. Here, N = 2, L.=2
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Figure 5.5: The effects of forward and backscatter links on the performance. Here, N= 4, L=2

A plot of the asymptotic expressions’ coefficients in (4.16) will perfectly consists

with these findings, where the effect of the forward channel is reflected by
coefficients le_ , and le_ 4+» and that of the backscattering channel is reflected by C{’_z

and C?, for N = 2.and N = 4, respectively.
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Figure 5.6: The coefficient of backscatter link C? is almost constant as the g, increases,

whereas the coefficient of forward link €7 significantly decreases as the qs increases.
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In addition, a general conclusion can be extracted with regard to the impact of the
fading severity over both the forward and backscattering links, that increasing the
value of the shape parameter g (i.e. a less severe fading) results in a better

performance of the RFID system as indicated by the decreased SER value.

5.3 Approximation of the Hoyt Model by the Nakagami-m Model

This section examines the suitability of modeling a Hoyt-fading environment by a
properly chosen Nakagami-m model, as far as the error performance of the OSTBC
model in MIMO RFID system is concerned. The approximation of the Hoyt model by
a suitable Nakagami-m model was proposed by Nakagami in [33]. The relation
between the fading parameter of the Nakagami-m distribution, m, and the g fading

parameter was given by

_ (1+q?)°
T 2(1+2¢%)

m<1 (5.2)

) —_

In order to examine the approximation of the Hoyt fading environment by a suitable
Nakagami-m model, using (5.2), in Figure 5.7 curves are given for the error
performance of RFID-MIMO system for BPSK modulation both in Hoyt and
Nakagami-m fading environments. A Nakagami-m model with m = 0.75, that

approximates a Hoyt fading environment with g = 0.7, is used.

The results obtained here show that the equivalence of the two models worsens as the

average SNR increases and as the number of branches L decreases. For example, at
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SER = 1073, the Hoyt model is 3.0771, 1.618, 0.8921 dB superior of the equivalent
Nakagami-m model using L = 2,3,4 , respectively . The corresponding values at SER
= 10~*are 4.748, 2.72, and 1.7314, respectively. For a more severe Hoyt fading
environment with g = 0.3, as shown in Figure 5.8, it can be easily shown that for SER
=1073, the performance of the Hoyt model is 3.719, 0.696, 0.756 dB superior of the
equivalent Nakagami- m model with m = 0.6944, for L = 2,3,4 respectively, since for

SER = 10~* the corresponding values are 7.197, 2.994, and 0.968 dB, respectively.
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Figure 5.7: Approximation of the error performance in Hoyt fading environment with g = 0.7,

with a Nakagami-m model.
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Figure 5.8: Approximation of the error performance in Hoyt fading environment with g = 0.3

with a Nakagami-m model.

By comparing the results for the approximations of the two Hoyt fading environments
with the equivalent Nakagami-m models, it is observed that the equivalence between
the two models improves as the fading gets less severe (i.e as the value of the shape

parameter g increases).

The above two figures also show that the approximation of the Hoyt fading
environment with the equivalent Nakagami-m model, as suggested by (5.2), always
underestimates the performance of the Hoyt model (gives an upper bound). The same
result was obtained in [18] while studying the performance of predetection EGC
receivers over Rice- and Hoyt-fading channels. Thus, we can’t rely on the
approximation relation between the two models to directly obtain the Hoyt case curves
from the Nakagami—m SER expressions derived in previous studies, especially for
severe fading cases. This motivates the need for separately deriving the Hoyt SER

performances expressions.
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5.4 Special Case

Nakagami distributions, namely Nakagami-g (Hoyt), Nakagami-m and Nakagami-n
(Rician), cover the Rayleigh fading distribution model as a special case when g = 1,

m = 1 and n = 0, respectively.

In [13] the authors studied the SER performance of MIMO RFID system assuming a
Rayleigh fading channel, where in [16] the SER performances under Rician fading
and Nakagami-m fading were studied. In the previous chapter, the focus was on the
SER performance under Hoyt fading and reducing its SER expressions to the same

Rayleigh expressions in [13] when g — 1.

To furtherly validate our newly-derived results, in Figure 5.9 the expressions derived
in the all the above studies are used, and by setting the parameters of each distribution
to represent the Rayleigh case, it was found that our curves are comparable with theirs
and the achievable performance when g — 1 is practically coincident with the

Rayleigh case obtained from all other distributions.
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Figure 5.9: SER performances of the RFID channel over Rayleigh fading channel using SER
expressions of different fading models, with (L = 1, N = 2,4), from the top to the bottom

5.5 Modulation Schemes

The asymptotic expressions of SER for OSTBC in (4.16) are applicable for different

log, K

modulation schemes. By setting the appropriate value of the constant g = p

different schemes can be obtained, for example g = 1 : coherent binary phase-shift
keying (BPSK), g = 0.5: coherent binary frequency-shift keying (BFSK) , g =

0.25 : coherent amplitude-shift keying (ASK) [53].

The SER for OSTBC combined with three types of modulation format is shown in

Figure 5.10. The tag ID is encoded using a space-time block code, and the
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constellation symbols are transmitted from different antennas. The results are

presented for two tag antennas with two reader receiving antennas.
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Figure 5.10: SER performances of the RFID channel over a Hoyt fading channel under

different modulation scheme for two transmit and two receive antenna. Here gs= q,= 0.5.

The SER performance of the STBC over Hoyt fading channel shows that the BPSK

gives a better performance than the BFSK and ASK modulation schemes.

For example, it is observed that for N = 2 at the SER of 1072, the code with BPSK

and is superior by about 5.867 dB and 11.582 dB to the codes with BFSK and ASK,

respectively. It can be concluded that the BFSK and ASK modulation schemes, need

better channel conditions than the BPSK modulation scheme for a given SER criteria.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, the light was shed on “Radio Frequency Identification (RFID)” as an
emerging contactless automatic identification technology that is tracking consumer
products worldwide. A mathematical modelling of the MIMO backscatter RFID
channel was provided and many challenges were observed that it poses due to its

querying-fading-signalling-fading structure.

Using STBC for a MIMO setting was found to improve the performance of such
backscatter system. Thus, the case when the RFID tag employs OSTBC, and the
RFID reader simply employs the uniform query was investigated, and the general
previously-published formulation for performance analysis, which is applicable to any
sub-channels fading assumptions, was employed to study the SER performances for

Hoyt sub-channels.

More specifically, a systematic analysis has been presented for Orthogonal STBCs in
MIMO RFID channels under Hoyt fading. Based on this analysis, closed-form SER
expressions were derived using the conditional MGF approach. In particular, using
partial fraction expansion, exact and asymptotic forms of error rate expressions were

obtained for two and four receiving antennas (N = 2,4) .
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The derived expressions cover some fading distribution models as special cases; in
addition, they can be used for different modulation schemes including BPSK, BFSK,
ASK schemes. A very good agreement with previous studies was observed for the
special case that the Hoyt fading covers. Additionally, from our analytical results
several interesting properties of the channel were observed. First, the diversity order is
solely determined by the number of tag antennas L. Second, the analytical results
reveal that the SER of MIMO RF channel is much more sensitive to the channel

condition of the forward links than that of the backscattering links.

The suitability of modeling a Hoyt-fading environment by a properly chosen
Nakagami-m model, as far as the error performance of the OSTBC model under Hoyt
fading is concerned, was also examined. The results have shown that the
approximation of the Hoyt-fading environment with the equivalent Nakagami-m

model always underestimates the performance of the Hoyt model.

6.2 Future Work

Currently, the SER performance is being analyzed for OSTBC in MIMO RFID

channels undergoing Hoyt fading.

Eliminating our restricted Hoyt model assumptions (Reader receiving-antennas being
equal 2 or 4) and extending the results to OSTBC under more general MIMO RFID

fading channel such as a — u fading channel, are interesting future topics.
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Acronyms and Abbreviations

AIDC:

ASK:

BER

BFSK:

BPSK:

CW:

EPC:

HF:

LF:

LOS:

MGF :

MIMO:

MRC :

NLOS:

OSTBC:

PDF:

RFID:

SER:

SNR:

STBC:

UHF:

Automatic Identification and Data Capture
Amplitude-Shift Keying

Bit Error Rate

Binary Frequency Shift Keying
Binary Phase Shift Keying
Continuous Wave

Electronic Product Code

High Frequency

Low Frequency

Line-Of-Sight

Moment-Generating Function
Multiple-Input Multiple-Output
Maximal Ratio Combining
Non-Line-Of-Sight

Orthogonal Space-Time Block Code
Probability Density Function
Radio-Frequency Identification
Symbol Error Rate

Signal-To-Noise Ratio

Space-Time Block Code

Ultra-High-Frequency
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Notations

fu(h):
I,(.):
A(t) :

r(t):
x(t):
n(t):

Nakagami-m Distribution Severity Parameter

Hoyt Distribution Severity Parameter

Fading channel envelope

Expectation of h2, Variance

PDF of the fading channel envelope h

The zeroth-order modified Bessel function of the first kind
The complex RF-tag antenna reflection coefficient.
Reader-transmitting antennas

Tag antennas

Reader-receiving antennas

The received signal from the M x L x N dyadic channel
The unmodulated signals transmitted from the reader
The noises at the reader receivers

The channel matrix from the reader to the tag

The channel matrix from the tag to the reader

The identical signaling (backscattering) matrix

The diagonal signaling (backscattering) matrix

The full signaling (backscattering) matrix

The channel matrix of the NxL channel

The forward channels of the N xL channel, (I=1,..., L)

The backscattering channels of the N XL channel, (I=1,..., L),
(n=1,...,N)
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QC):
exp():
re):
re,.):

Ey():

X|Y:
G(p):
Q.

fal(al):

Ghl,n|al ()7) :

qy-

dp-:

The transmission symbols simultaneously transmitted from the tag

antennas
The space-time encoding matrix

The modulated symbol to be transmitted in time slot i from antenna

J.
The code rate

Frobenius norm of a matrix

The average energy per bit

The average energy per symbol
The instantaneous SNR per symbol
The average SNR per symbol

The symbol rate

Modulation —dependent constant
Gaussian Q function

The exponential function

Gamma function

The incomplete Gamma function

The expectation over the density of H

3.14159

The conditional random variable of X given Y

The MGF of ||H||?

The squared magnitude of the [**forward channel gain

PDF of «;
The MGF of conditional distribution of h; ,on a;
The q factor of the forward channel

The q factor of the backscattering channel
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The received symbols that can be detected based on a simple
maximume-likelihood method
The incoming symbols

The noises corresponding to the incoming symbols

The asymptotic diversity order
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Appendix A

Evaluation of Pygrpc(¥)

The PDF of the forward channel that follows the Nakagami-q distribution (normalized channel energy)

is
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where the equality is given by the Taylor expansion of the modified Bessel function of the first kind

(i.e., I, (.)). the conditional MGF G,(¥ |a;) can be expanded as
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where kf = qr ,kb = (qp , kl =1+ kb, kz =1+ kf!Dl = m, D2 = Wand D3 = (1t k)

Casel:=2:

—D.2 — _ _
F(7)=f;j=0 e Dy a1a12m(1+2a1y + D3 (aly)Z) ldal

©  g=Di’a a2m key ( kp _ 1 )dal
= Ja=0 (kp—1)  \(k1+2kp ¥ ap) (ki+27 ap)
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_n.2 k k _p,2 k 1
Di1°ay alZm 1 ( b= )da (™ e Di1%ay a[Zm 1 ( - )d(ll
(k1+2kp ¥V ap) ;=0 (kp—1) (k1+27ap)

[°)
— e
- a;=0 (kp—1)

—(2m+1) 2kpy - 2
iy fM(HWy) )

((kb ;
(@

—( ) 2y -

(D 2)—(2m+1)

o 2kp¥Y - o 2y _
- 1(kb—l) (kbfy=0 (1+k1D2y) € yyZmdy)_ (fy=0(1+k1D2y> € yyzmdy) (A4)

where partial fraction expansion is used to arrive to the second line , and change of variable to arrive to

the forth line, y = D;%a; . By letting m=2m+1 and N=1 the function

M(s, i, N) = [* tm YeT (L4 s dt  can be used, that was well studied in [55] and has a

closed form of
M(s,m,N) = es sVt (M (- )Mk1 Mk-N+1,2) (A5)

where T (.,.) is the incomplete gamma function. Substitute (A.5) in (A.4) and (A.3) equation (4.13) is

obtained for N = 2.

Proof of the asymptotic form: The asymptotic form can be obtained when only considering the terms
associated with the lower terms of m in the exact form. This is because the lower order of the pdf of ¢;

determines the asymptotic performance when SNR is large. M (s, m, 1\7) has an asymptotic form for large

v [16]

in (s) PR \
s—m lfm=N

M(s,m,N) =4 (A.6)
1T (m-1)! (a-b-1)! AN \
T ifm#N

where a = max (m, N )and b = min (i, N) With m =0, we haverh = N = 1, and
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=\ _ (Dlz)_(l) 2 kp¥Y _ 2y
F(r) = (kp-1) kbM(k1012 '1'1) M(k1D12 ’1’1)

(2650 52)

o (o T T
kD12 k1D1?

In(ky) (A7)

k1
2y(kp—1)

Substitute the asymptotic form of F(y") back to (A.3) we have the asymptotic form of G,(y) as

Dy kyln(kp) =_q

Gy, m=0)= =7 (A.8)
Form > 0,wehavea = max (m,N) = m,b=min (m,N) = N =1and
oy @) 2kp7 (2T
F(D = Pl (ko M (k1D12 2m+1, 1) M (k1D12 2m+1, 1)
_ (D,2)” ™Y (k (2m=1)! (2m—1)!> — 0
= o — b 2kyv\ 2y -
Ckp=2) (k1D12) (k1D12>
Therefore, we have G;(¥,m >0) =0, and
= . —  Dikgln(kp) =_q
Gy)= Gy ,m=0)= 200-1 (A.9)
Case2: N =4
_D.2 _ Tt
F(y) = f:j=o e P (1+2a ¥ + Dy (a,¥7)*)2da
! o —Dy2a; , 2m ((kp=Dki®  kp® (A-kp)ks? 2kpks  2kp kg
T (kp-1)3 fal=0 € % (( ki+27 ap)? (k1+2 kp¥ ap)? + (ki+27a)  (ki+2kp 7“1)) L

_D.2 (kp—1)k? _p.2 kp? (1-kp)kq?
/foo e Di1%a; a,l2‘m b 1 da’l _ foo e D1 a[Zm b b)K1 dal
1 a;=0 a;=0

(ky+27 ap)? (ky+2 kp¥ ap?
(kp-1)3 o e—Dlzal alZm Zkbk} . . e—Dlzﬂ-’l 2™ 2kp? kq P
falzo (k1t2¥ ap “Ja=o0 L (kat2kp7ap L
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o 2y -2 - e 2kpy -2 —
(kb—l)fy=0(1 m}’) e yyzmdy—kbz(l—kb)fyzo(l k1Ds? 3’) e™ y*"dy

—-(2m+1)
O

(kp—1)3 o0 2y -1 -y .,2m o0 2kp¥y e~y y2m
+ 2k, fy=0(1 t o7 y) ey ™dy — Zkbzfyzo(l t s’ y) ymdy

(A.10)
where we use partial fraction expansion to arrive to the second line , and change of variable to arrive to
the forth line, y = D,%a; . By letting m = 2m + 1 and N = 1 or 2 depending on the power in each
term, we can again make use of the function M(s, m ,1\7) in (A.5). Substitute (A.5) in (A.10) and (A.3)

we obtain (4.13) for N = 4.

Proof of the asymptotic form: For m = 0, we have m < N for the first two terms of F(¥) , and

m = N for the rest .

oo [Uey = DM (2 1,2) = ke’ (L= k) M (25,1, 2)

k1D D%’

p=1)? +2k,M (kl”z 1,1) - 2kb2M(2"” 1,1)

Fi) =&

_ @ | in(;) In(22)
= (Dkl ((kb )ﬁ—kbz(l kb)(zk y)+2kb(k1701_ 2kb2 <%)

k1D1? kiD12 k1D12)

(kp— 1)k1 _ kp(-kp)ks | kpks ( 2y ) _ kpky (Zkb1=’)
(kb 1)3 ( 2y + y In kyDy? ¥ In kiDy?

(kp— 1)k1 _ kbklln(kb))
= k- 1)3 y
— ky? _ kpkaln(kp) \ =_1
B ( 2 (kp—1)? (kp-1)3 )V (A.11)

Substitute the asymptotic form of F(y) back to (A.3) we have the asymptotic form of G,(y) as

2
G(7 m=0) = D, (70 — i) g (A12)

2 (kp—1)2 (kp-1)3

Form > 0,we have a = max (m,N) = m,b =min (i, N) = N and
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27 , 2k,
( 2) (2m+1) (kb 1)M W 2m+1,2 | — kb (1 - kb) M k D

,2m+ 1, 2)
| 1P
k, — 1)3

F7) = _ |
2]/ 2 Zkby

+2kM | —— 2m+1,1) = 2k,* M(—— ,2m+1,1
lel lel

(D12)_(2m+1)

(2m-2)!
= |k —D——=

2m-2)! 2m-1)! 2 (2m-1)!
( 27 )2 kb (1—kp) 2kp 72 + 2k, ( 27 >_ 2ky (zka/)
k1D1? (k1D1 ) k1D1? k1D1?
em+) [ (ky — 1)(D,? 2m =20 —(1 -k D;3)"(2m = 2)!
_ oy [y (02 () 2m - 21 - @~ k) (22) (0,7) 2m ~ 2)
(ep=1)° %Dlz(zm —1)— %Dlz(zm — 1)
_ D12—4m k1 2
= 12 ( 2 (§) (2m = 2)!)
= 2(kb 12 = (ky*(2m —2)1) 77 (A.13)
Therefore, we have
= _ v DiD*™ - N 5-2
GF m>0) = 5= (2(k 5 = (k2@m=2)1) 779
e Dzzm Ky \2 B
=Y Zm:l 2(m!)2 (kb—_l) (Zm 2)'
The terms for m > 0 can be ignored since G,(¥,m = 0) = o(¥ ™) » o(y ~2) for large SNR.
= . - N ki kpkaln(kp)\ =—_1
G = GF m=0) =D, (7o — i) (A.14)
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