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Abstract

Thefield of Wireless Sensor Networks (WSNSs) includes awiderange of application
areas and presents many different requirements on network and physical layer design
and implementation. The Speckled Computing Consortium (SCC) isinvestigating one
form of WSN where each node is severely constrained in size and energy. With thisin
mind, physical layer architectures have to be carefully designed to be as efficient as
possible.

The Orient-2 is a posture tracking system developed within the SCC which uses
small, battery-powered nodes to track the movement of a body and relay the
information to a central location. Off-the-shelf components limit the manner in which
data are extracted, and result in the system being constrained in terms of the number of
nodes supported, radio bit rate and update rate. These constraints provide motivation
for the development of an application-driven solution which allows these limitations
to be relaxed.

A data extraction protocol is proposed which is based on Orthogona Frequency
Divison Multiple Access (OFDMA). Although OFDMA allows areceiver to elegantly
receive multiple transmissions in parallel, it requires accurate time and frequency
synchronisation between users. Standard offset management techniques are overly
complex for the simple nodes desired in the Orient-2 system, and as such a system-
specific solution is developed. In the proposed protocol, time offsets are managed
using receiver-initiated transmissions which result in the offsets being reduced to

manageable levels. Subcarrier modulation, frequency offset estimation and
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compensation are combined in a novel all-digital transmitter architecture which
minimises the effects of the frequency offsets and associated performance loss.
Finally, the performance of the frequency estimation, compensation and subcarrier
generation architecture is analysed in detail in order to find the minimum complexity
node implementation which satisfies the performance requirements of the Orient-2

system.
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M athematical Notation
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Af
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Af

max

Complex conjugate.
Speed of light.

Total frequency offset.

Carrier frequency offset.

Doppler frequency offset.

Maximum frequency offset.

Decision variable for symbol i on subcarrier m.

Distance between user N and central receiver.

Energy per bit.

Energy used by anodeinidle state.
Energy used by anode in receive state.
Energy used by anode in transmit state.
Carrier frequency.

DDS clock frequency.
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Frequency estimate variance (normalised to sampling rate).

OFDM symbol period.

Time of arrival of a packet from user N at the central
receiver.

OFDMA protocol full exchange period for node N.
Maximum time offset on any user seen by the receiver.
Signal propagation time for user N.

Packet duration.
Sampling period.

Time taken to receive and process polling signal (perform
frequency estimation).

Time offset on user u.

Update period.

Relative velocity between anode and central receiver.
Signal bandwidth.

I nterference bandwidth.

Contribution to decision variable on subcarrier m during
symbol i dueto subcarrier K.
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Chapter 1

| ntr oduction

1.1 Overview

This thesis investigates a novel, receiver-initiated, data extraction protocol that
satisfies the need of some Wireless Sensor Networks (WSNSs) to extract information
efficiently to a centra receiver. This application-driven research is targeted at a
particular network, the Orient-2 body posture tracking system, which places
requirements on information update rate, latency and the number of nodes in the
network. Initial implementations of the system use general-purpose, commercialy-
available technology, and as such have constrained functionality. The OFDMA-based
protocol implementation developed for the Orient-21 system in this research enables
increased capabilities.

1.2 Context of thisWork

Wireless Sensor Networks

A WSN can take many different forms and inhabit awide array of application areas,

but at its core such a network provides alink between the physical and digital worlds.

1. At thetime of writing, the Orient-2 isthe latest in a series of Orient body posture tracking systems.
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A network of nodes gathers sensory information from the physical environment, brings
it into the digital world and processes it according to the network’s application. The
wide range of applications that can be supported using a WSN raises a number of
interesting design and implementation issues. This research deals with one issue in

particular, that of extraction of datafrom the network to a central receiver.

Speckled Computing and the Orient-2 System

Speckled Computing is a vision of a network of tiny nodes that enables true
ubiguitous computing, where computing power is everywhere around us, embedded in
the environment. The Speckled Computing Consortium (SCC) is a multi-disciplinary
collaboration between five Scottish universities investigating Speckled Computing at
al layers of the protocol stack, from physical layer communications right up to
applications. Speckled Computing is implemented with a network, called a Specknet,
made up of tiny nodes, known as Specks, which are entirely self-sufficient. The long
term goal is to develop nodes of small enough dimensions to disseminate entirely into
the environment, providing computing power in everyday objects without the user
being aware of their existence.

One output of the SCC to date has been the development of the Orient-2 system,
which is a wireless body posture tracking network. Nodes possessing movement
monitoring sensors (gyroscopes, accel erometers and magnetometers) are placed on a
human body, and send sensory information to a central location, which computes a
body model and tracks body movement, as shown in Figure 1.1. Although the long
term am is to have perhaps many hundreds of nodes tracking a body with fine
resolution, the present system allows posture tracking using anetwork of fifteen nodes.
Initial implementations of the system use commercially available components, and as
such, even with this small number of nodes, the current network islimited in terms of

update rate by the use of a single, time-shared channel and the maximum data rate of
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theradio link. An appropriate design is therefore required to remove these limitations.

Multicarrier Modulation

Multicarrier modulation allows multiple data channels to be transmitted in parallel.
In particular, Orthogonal Frequency Division Multiplexing (OFDM) has become very
popular over recent years due to its robustness to channel effects and thus increased
data rates. Orthogonal Frequency Division Multiple Access (OFDMA) uses the
multiple channels for different users, thus allowing a number of users to transmit
concurrently. However, time and frequency offset errors result in a loss of
orthogonality and thus significant interference between users. The offsets must be

minimised to avoid significant performance degradation.

Figure: 1.1: A snapshot of body motion tracking using the Orient-2
System, reproduced from[74], with permission.
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An OFDM A-based, Receaiver -l nitiated Data Extr action Protocol for the Orient-2

By assigning different OFDMA channels to individual users, data can be extracted
from multiple nodes in paralel. However, tight constraints on time and frequency
synchronisation between users must be met or significant performance degradation
will result. Standard synchronisation techniques are unsuitable for the simple nodes
desired in the Orient-2 network, and therefore a novel solution is required. This
research investigates the implementation of a receiver-initiated protocol which uses
OFDMA to enable multiple data extraction channels and relax the constraints placed
on the Orient-2 network by the current, off-the-shelf, single-channel implementation.
Time and frequency offset problems are managed through the design of the protocol
itself, and through the architecture used in each node to transmit to the central receiver.

Orient-2 nodes are battery powered and as such have limited lifetime. In order to
maximise the usefulness of the network, energy consumption must be minimised and
network design must be as simple as possible. The data extraction protocol and its
implementation allow the Orient-2 system to increase its functionality with minimal
increased complexity. By designing the protocol and the node architecture specifically
for the Orient-2 system, complexity can be reduced wherever possible. In the
transmitter a simple, all-digital modulation architecture is used in which the analogue
front-end is simply a radio frequency (RF) oscillator and mixer. By performing
frequency synchronisation in the transmitter and through the use of differential
modulation, the same front-end can be used in the receiver, avoiding the need for
complex (and expensive) carrier synchronisation stages. In addition, OFDMA allows
the use of an elegant, Fourier Transform based demodulation stage which is easily
scaleable with the number of transmitting nodes, as opposed to the bank of filters that
would be required for a standard Frequency Division Multiple Access (FDMA)

implementation.
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1.3 Original Contributions

This thesis investigates the viability of ussng OFDMA for the extraction of data
from a network with certain stringent update rate and latency requirements. The main

contributions of this work are considered to be the following.

* A novel, receiver-initiated data extraction protocol using OFDMA to enable
multiple communication channels is proposed. It is demonstrated that the
protocol is useful in power constrained networks with particular update rate and

latency requirements on the extraction of information.

» |t is proposed that frequency offsets be both estimated and compensated for in
the transmitting node, using a smple, agile digital subcarrier modulation

architecture.

» Time and frequency offsets in such a system, and their effects on data extraction
performance are considered. The interference caused by frequency offsets is
investigated in detail and the results of the analysis used to specify the required

accuracy of the frequency offset estimation.

* The implementation of subcarrier modulation and associated frequency offset
compensation is investigated. A recommendation is made for a suitable
frequency estimator, and the use of a Direct Digital Synthesis (DDS)
architecture for subcarrier generation is evaluated in the context of such a
network, with a recommendation for a minimum complexity implementation

being made.
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1.4 Thesis Structure

Themain work is presented in Chapters 2-6 before the thesisis concluded and some
suggestions for further work are given in Chapter 7. Chapters 2-7 are stuctured as

follows.

Chapter 2 placesthiswork in context by introducing WSNs and discusses the many
implementation and design issues that arise when considering different applications.
The state-of-the-art in WSNSs is covered and Speckled Computing is introduced in
more detail. Different network scenarios and their requirements for data extraction are
considered, along with the associated communication costs. The Orient-2 system is
then introduced and the motivation for a data extraction system which will mitigate

latency and update rate problems is made clear.

Chapter 3 gives an introduction to multicarrier communications, in particular
OFDM and its extenson to OFDMA and their applications within Speckled
Computing and WSNs. The sensitivity of an OFDMA system to time and frequency
offsets is covered in detail before the most common methods of dealing with these

problems are discussed.

Chapter 4 introduces the new data extraction protocol, considering time and
frequency offsets and deriving limits for network dimensions and on node movement.
The application of the protocol with the Orient-2 system is analysed. System
implementation and performance issues are then considered, with the Orient-2 system

being used as a model network.

Chapter 5 investigatesin more detail the effect of frequency offsets in the system,
and how they can be managed. A simple expression of the interference power caused

by frequency offsets is developed in order to analyse the resulting performance
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degradation and obtain a specification for the required accuracy of the frequency
estimation. Two commonly used frequency estimation algorithms are then evaluated

and arecommendation is made for a suitable estimator.

Chapter 6 analyses the effect on data extraction performance, in terms of bit error
rate (BER), of the use of a digital subcarrier generation architecture. A minimum
complexity implementation of the node transmitter is found through extensive

simulation.

Chapter 7 finishes with a review of the work contained in the thesis, and the
origina contributions made. Finally, some ideas for future extensionsto thiswork are
outlined.



Chapter 2

Wireless Sensor Networks and Speckled Computing

2.1 Introduction

This chapter provides a context for the research discussed in later chapters. The
chapter begins by introducing the concept of a Wireless Sensor Network (WSN) and
the state-of-the-art in WSNSs is described with particular focus on some currently
available systems. Speckled Computing and Specknets are then introduced and the
particular design issues applicable are explained. The development of different
Specknet nodes is covered, before the limitations of the current radio transceiver are
described and the motivation for increasing the capabilities of a Specknet node is
demonstrated.

WSNs can be targeted at a multitude of application areas; each application area has
different requirements regarding the treatment of the data the network gathers. In this
chapter, the various issues involved with extracting data from a WSN are explored.
Several different network scenarios are investigated with regard to these issues before
they are analysed in further detail with reference to the Orient-2 body posture tracking
application. This scenario is used as a motivating example to highlight how multiple

channels can be exploited to improve data extraction from a WSN.
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2.2 Wirdess Sensor Networks

In recent years WSNs have become a field of great interest involving research in
many different disciplines ranging from sensors to low-power communications to
battery technology [1,48,55]. Figure 2.1 shows a generic architecture for a wireless
sensor node. It can be seen that sensor network nodes possess sensing/actuation,
processing and communications capability; however it is how these nodes are
networked and their capabilities utilised that defines a particular network. The wide
array of applications in which WSNs can be used ([1,6,22,53]) results in a broad
spectrum of different network and node specifications, however in all cases they
provide alink between the physical and digital worlds. A selection of WSN application

area examplesis provided below:

* Environmental Monitoring - Indoor and outdoor applications such as

temperature sensing, fire/heat detection or wildlife tracking.

» Agriculture- Livestock tracking and health monitoring, water delivery systems

for irrigation.

» Surveillance/ Battlefield M onitoring - Intruder tracking, target identification.

» Asset Tracking - Cargo tracking, inventory control.

» Fault Detection - Real-time monitoring of stress in industrial environments,

such asturbines or engines.

 Human - Medica and socia applications from health monitoring to human

interaction tracking.
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With such a wide range of applications, WSNs raise a significant number of
interesting design and implementation issues, which are explored in the following

sections.

Digital \(
Sensors Signal AEIEIE
: Front End
Processing
Processor Memory

Power Source

[ Batery ] [EnergyScavenging]

Figure: 2.1: A generic WSN node showing the basic components needed to enable its basic
functionality of sensing, processing and communicating.

2.2.1 Power Supply

A minority of sensor networks may have access to a fixed power supply, however
for the most part nodes have to exist on a self-contained power source. With nodes
generally being very small the available energy storage capacity islimited, and as such
the node may have a very limited lifetime. In order to prolong node lifetime as much
as possible many networks attempt to scavenge energy from the environment, for

example harnessing solar or vibrational energy [1, 49].

2.2.2 Communications

Communication between nodes can be achieved in severa different ways[49]. The
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most commonly used isradio, which alowsfor low-power transmission over non-line-
of-sight paths. In addition, high frequency carrier frequencies enable the use of very
small antennas. Other less commonly used communication mediums include optical
and infrared [1]. The choice of communication technique is highly dependent on the
network application and the environment in which it will be deployed.

In general, data rate and range requirements for WSNs are low compared to other
wireless standards. Figure 2.2 compares these approximate requirements with those of

several common digital communication standards.

10km

WiMax / 802.16

1km

Range

100m

Zigbee /
802.15.4

10m

I I I I I I I
1kbps 10kbps 100kbps 1Mbps 10Mbps 100Mbps 1Gbps

Data rate

Figure: 2.2: Datarate and range of common digital communications standards.

2.2.3 Physical Design and Network Infrastructure

In many deployed networks environmental concerns will result in specific physical
constraints on node design. A network deployed in a demanding, remote environment
such as wildlife monitoring in a mountain range, would require robust nodes resistant
to challenging weather conditions. In addition, the nodes would require sufficient
lifetime to avoid the need for physical access to the network, for example to change
batteries or extract data. In this case physical size is not such a demanding issue,

however in some applications nodes will be severely size-limited, for example in a
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network providing inconspicuous surveillance. Depending on the application a
network can be ad-hoc, or can have a centralised structure with a central controlling
entity. Both situations place particular needs on other aspects of the network, such as
power source and communications. For example a central controlling entity can
manage the scheduling of communications, allowing individual nodesto be as ssmple
as possible, and to conserve energy while not communicating. Networks may consist

of ahandful of nodes, up to several hundreds or thousands [69].

2.2.4 ldentification and L ocalisation

Nodes may need to be individually identifiable and location-aware for the sensory
data that they collect to be meaningful. Both of these requirements will significantly
increase network control signalling, particularly in an ad-hoc network where nodes
need to collaborate to select identities.

2.2.5 Homogeneity

A network can be homogeneous where all nodes possess exactly the same
functionality, or heterogeneous where there are specific node types for specific
purposes. For example there could be a minority of nodes used for sensing with the
remainder used to relay messages and/or process sensed information. A common
scenario would be for a network to comprise specialist sensing, sinking and

communication relaying nodes.

2.2.6 Data Transfer and Processing

A network can be organised into a source and sink arrangement, where some nodes
gather sensory information, and other nodes communicate with the outside, physica
world [55]. In a centralised network the controlling entity could be the destination for

all data. At the other extreme, the network has no external communication ability or
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requirement, in which case the nodes may possess actuators aswell as sensors, in order
to provide some useful function. Collected sensory data can be processed localy at
each node, at some central processing location or in a distributed manner across the
whole network. The processing power needed in each node will depend on the data
processing model, and the extra cost involved with data transfer in a distributed model
will increase the energy consumption in each node. These issues are covered in more
detail in Section 2.6.

2.2.7 Sensors

The sensors deployed in a network are dependent on the network application, and
many different types exist [49]. Common sensors include temperature and pressure
sensors for monitoring applications, or accelerometers and gyroscopes in applications
where the movement of a node must be tracked. In many cases the size of the sensor is
very important, for example if it has to be embedded into the object it monitors. In all

cases, power consumption is of paramount importance to prolong useful node lifetime.

2.2.8 Multiple Access Control and Associated Ener gy Consumption

It is generally accepted that communication dominates the energy budget of aWSN
node [55]. As aresult, communication must be minimised as much as possible, while
not compromising the needs of the application supported by the network.

A very important function of the network is therefore the Multiple Access Control
(MAC) protocol, which controls how and when nodes can access the communications
channel. Communication between nodes is the cause of four major sources of energy
wastage in a network [73]:

» Coallision - when two or more nodes try to communicate at the same time, and

packets are lost. Nodes are required to retransmit.
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* Overhearing - a node wastes energy listening to a packet that is destined for

another node.

» Control Packet Overhead - some MAC protocols require significant control
signalling, which causes energy consumption in transmission and reception, and

reduces the amount of useful data packets that can be sent.

» ldleListening - when nodes listen for traffic that is never sent.

MAC protocols for WSNs strive to reduce the energy lost to the issues introduced
above. A limited set of MAC protocolsare considered in further detail in Section 2.5.3,
however the interested reader can find an extensive survey of protocolsin [28].

An aspect of MAC protocols that targets the reduction of power consumption is
duty cycling. Many WSN MAC protocols aim to reduce power by allowing nodes to
move into an idle state, in which they are not required to listen for channel activity.

Figure 2.3 highlights the energy savings which can be achieved by duty cycling [55].
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Figure: 2.3: Relationship between node energy consumption and duty cycle period / idle energy
requirement.
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The energy used for transmission E;y is assumed to be equal to that for reception,
Erx, 1.6 Ery = Erx = 1, and the idle energy consumption, E, ., is shown in the
figure as selected fractions of the receive energy consumption. The energy
consumption for permanent receiveis shown for comparison. The energy consumption
can be reduced significantly by decreasing the duty cycle period (the fraction of time
the node spends out of idle state, i.e. with receive circuitry turned on) and minimising

the energy consumed whilein an idle state.

2.3 Stateof theArt

With WSNs such a popular area of academic study, and deployed networks
becoming more and more prevalent, it is interesting to examine currently existing

sensor network technology. A selection is presented in the following sections.

2.3.1 |IEEE 802.15.4 and ZigBee

ZigBee [95] is a high-level standard that builds on the IEEE 802.15.4 low-power,
long battery life, Direct Sequence Spread Spectrum (DS-SS) based communications
standard [80]. IEEE 802.15.4 is generally aimed at low data rate, short to medium
range applications such as home automation, embedded sensing or industrial control,
and as such is well-suited for deployment in WSNs. ZigBee radios are popular in

commercialy available nodes, including some of the examples detailed below.

2.3.2 Berkeley Wireless Research Centre

The Berkeley Wireless Research Centre, [76], has become one of the foremost
centres for WSN research. Research is conducted across all protocol layers, from
physical layer communications up to applications. Two of the best-known projects are
the Smart Dust and PicoRadio projects.
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Smart Dust

The Smart Dust project began in 1997 with the goal of creating cubic millimetre
nodes to form a sensing and communication system. Although as yet the goal of such
small devices has not been reached, the project resulted in the creation of the TinyOS
wireless sensor node operating system [88], and, in 2002, the establishment of Dust
Networks [78], which now produces a range of wireless nodes for use in industrial
automation. In particular, the company has developed the Time Synchronised Mesh
Protocol (TSMP), arobust networking protocol that enables a self-organising and self-
healing network. One of their products, the SmartMesh-XT M2030, isshown in Figure
2.4. Thisnode usesthe TSMP protocol combined with an |EEE 802.15.4 radio, and can

be used in a plug-and-play manner with required sensors or actuators.

Figure: 2.4: Dust Networks SmartMesh-XT M2030 wireless sensor node.

PicoRadio

The PicoRadio project ran from 1999 until 2005, with the goal of investigating low-
cost, low-power transceivers for WSNs. Research into many aspects of |ow-power
WSNs was carried out, including synchronisation [3], and RF oscillator design [44].

2.3.3 Crosshow

Crossbow [77] offer a selection of different wireless sensor modules, the latest of
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which is the Iris, aimed at low-power WSNSs, and is shown in Figure 2.5. The Iris
contains an | EEE 802.15.4 compatible radio transceiver, and has expansion connectors

for various sensor boards.

Figure: 2.5: Crossbow Iris WSN module [15].

2.3.4 SunSPOTS

Sun Microsystems have developed a node called the SUnSPOT [84] which comes
in a single package as shown in Figure 2.6. The SunSPOT encompasses an
|EEE.802.15.4 compliant radio, and comes with a selection of onboard sensors

including an accelerometer and a temperature sensor. The SunSPOT runs a JAVA

based operating system.

Figure: 2.6: Sun Microsystems SunSPOT node [60].
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Most of the WSN nodes discussed above are in fact relatively ssimilar. Many of the
boards are capable of connecting to different sensor boards to provide a wide range of
functionality. The Crossbow node, the SUnSPOT node and the Dust Networks M 2030
node all use the Zigbee radio standard, which as shown in Figure 2.2 transmits over
ranges of up to 100m with data rates of up to 100kbps. The Berkeley PicoRadio project
aimed to devel op even lower power radio technology to transmit over shorter distances

and at lower datarates, much like the Speckled Computing project as explained below.

2.4 Speckled Computing

Speckled Computing isavision of ubiquitous computing, where the digital worldis
fully embedded into the environment [4,69,83]. Discrete digital devices such asPDAS,
mobile phones, computers or memory devices converge and disseminate into the
environment, existing in everyday objects. Thousands of tiny nodes, called Specks,
form networks called Specknets which provide the building blocks to bridge the divide
between the material and the digital worlds.

Speckled Computing is being developed by the SCC [83], a collaboration between
five Scottish Universities. The Consortium partners and their respective areas of

expertise are detailed below:

* University of Edinburgh - Institute for Computing Systems Architecture.
Micronet-based asynchronous programmable network architectures [89].

* University of Srathclyde - DSP Enabled Communications Group. Wireless
digital communications at the physical layer [93].

» University of Glasgow - Ultrafast Systems Group. Design, fabrication and on-
wafer testing of microwave and millimetre-wave components; RF circuitry
design [90].
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* University of S Andrews - School of Physics and Astronomy [91] and School
of Chemistry [92]. Photonics, digital communication by laser and LED.
Materials chemistry and solid state electrochemistry (rechargeable energy

sources) .

* Napier University - Centre for Emergent Computing. Application-level

research, self-evolving systems [80].

Figure 2.7 gives a system-level overview of Speckled Computing. Each Speck
containsits own source of energy, processor and meansof communication, and issmall
enough to become inconspicuous within an environment. Ultimately, each Speck will
be as small as 1 cubic millimetre, resulting in computing power being truly embedded
into the environment.

Individually, the Specks have limited processing power, however together they will
collaborate and are capable of more powerful computation. The long term goal isof a

Specknet as a fully distributed, homogeneous network; each node is exactly the same

PROGRAMMING

ENVIRONMENT DEMONSTRATORS

SPECKLED COMPUTING

DISTRIBUTED COMPUTING

HARNESS NETWORKING PROTOCOLS

SPECKNET ARCHITECTURE

PHYSICAL LAYER COMMUNICATIONS

ENERGY

PHOTONICS SOURCE PROCESSOR RADIO SENSORS

SPECK ARCHITECTURE

Figure: 2.7: Overview of Speckled Computing, reproduced from [5], with permission.
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and as a result there is no central control available to perform processing, schedule
communications or assign identities. Speckswill communicate wirelessly by radio and
optics (laser/infrared) over ranges of the order of tens of centimetres. The severe size
restrictions on a Speck result in minimal energy availability, and therefore low-power
design is the overriding concern in all levels of the protocol stack. From application
development right down to physical layer communications architecture design, energy
consumption must be minimised.

The ability to provide computing power embedded discreetly in an environment
opens up a whole spectrum of applications. From storing data or embedding
intelligence in everyday objects, to unobtrusive condition monitoring of industrial
plant, to real-time patient health monitoring, a whole new realm of exciting uses is

possible.

2.5 Speck Development

As mentioned above, low-power design is the overriding concern when
implementing Specks and Specknets. In this section the progress to date in the low-
power implementation of Specks and Specknets is detailed, from power sources to

physical layer communications architectures.

2.5.1 Prototype Development

There have been severa Speck prototypes produced by the Consortium. Off-the-
shelf components (radio, processor) have been used in early prototypes, with custom
components intended to be introduced as they are designed. This section details a
selection of the prototypes produced to date.

ProSpeckz

The ProSpeckz (Programmable Specks over Zigbee Radio) series of prototypes
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Figure: 2.8: The ProSpeckz-2, an early prototype, reproduced from [5], with permission.

were produced with off-the-shelf components in order to develop and test networking
protocols and application concepts. In particular they have been used to examine how
Specks can be placed in consumer electronics applications and in verification of the
performance of the SpeckMAC protocols [5,70]. The ProSpeckz nodes were also
integrated into an 8x8 array, known asthe Perspeckz64, for analysis of networking and

MAC protocols and visual demonstration purposes [71].

5Cube

Two 5Cube variants have been produced, which are both attempts at creating a
5x5x5mm cubic Speck. The 5CubeOTS is constructed entirely from off-the-shelf
components while the 5Cube, based on the 5CubeOTS, replaces various components
with custom-designed circuits, such as the early DSP transceiver, which will be
covered in Section 2.5.3.

Figure: 2.9: The 5CubeOTS prototype.
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Orient

An offshoot of the ProSpeckz prototypes, the Orient series of nodes include
accelerometers, gyroscopes and magnetometers to provide a body posture tracking
capability. The Orient-2 will be covered in more detail in Section 2.7, while a the time

of writing the Orient-3 isin development.

Energy-neutral Platform

A flat form-factor node is currently being investigated as a means to produce an
energy-neutral platform. The flat form factor allows a large solar cell to be placed on
the surface of the node, and with heavy duty-cycling, the node will be able to function

indefinitely with the only energy input coming from solar energy.

2.5.2 Power Source

Limited by the small volume available, the power source used in a Speck hasto be
of high energy density and rechargeable. As such lithium ion (Li-ion) sources have
been investigated. These batteries can be cycled efficiently thousands of timesand can
possess volumetric energy densities of up to 400mAhlL [61]. For comparison, Nickel
Cadmium (Ni-Cd) and Nickel Metal Hydride (Ni-MeH) batteries have energy densities
of 150mAhl™t and 200mAhI~ respectively. The 5Cube prototype uses the smallest
commercialy available Li-ion cells, the Sanyo ML414 [56], which have a height of
1.4mm and adiameter of 4.8mm. For future implementations other battery systemsare
being investigated, for example nanotube/wire based batteries and thin-film batteries

with potentially double the energy capacity of conventional Li-ion power sources [4].

2.5.3 Multiple Access Control

The MAC layer is extremely important in a Specknet where there is a high density

of communicating nodes, and as such significant research into low-power protocols
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Figure: 2.10: Generic duty-cycled MAC timeline.

has been conducted. Improving on the well known B-MAC protocol [46], a selection
of protocols based on Carrier Sense Multiple Access (CSMA) have been devel oped,
[14,70,72]. All protocols are fully distributed, unsynchronised random-access
protocols, and are based on nodes periodically waking up and listening to the channel
for activity. This allows nodes to cut energy consumption by duty cycling.

With nodes waking at random times, a transmitting node has to transmit over a
certain period of time to ensure the destination node will wake and hear the
transmission. This concept is shown in Figure 2.10, where the transmitting node
samples the channel, and then transmits a preamble signal. The receiving node, on
hearing the preamble, will prepare for packet reception. The different protocols use a
different preamble format, which instruct the receiver in how to receive the packet. B-
MAC transmits a ssmple preamble of length longer than the duty cycling period. On
reception of the preamble the receiver will continuously receive data until the packet
is received. The SpeckMAC protocols improve on this concept by allowing the
receiving node to spend more time in an idle state, and thus conserve energy.
SpeckMAC-B sends a preamble of small wake-up packets, which contain information
about when the data packet will be transmitted. The receiving node, on hearing awake-
up packet, will then go back into an idle state and only wake up for the data packet.
SpeckMAC-D retransmits the data packet repeatedly, so that when a receiver senses
activity, it can listen to the data packet straight away, and then go back into an idle
state. SpeckMAC-H is a hybrid combination of SpeckMAC-B and SpeckMAC-D.
SpeckMAC-C, SpeckMAC-CB and SpeckMAC-CD, versions of BMAC, SpeckMAC-
B and SpeckMAC-D respectively, use Code Division Multiple Access (CDMA)
signalling to allow nodes to determine in a shorter time whether they are the intended
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destination of the packet, and if not return to an idle state as soon as possible.

Figure 2.11 shows the possible energy savings using the above protocols for an
example set of node density and communication density parameters [14]. Thereis an
optimum duty cycle period, T, e+ fOr €ach protocol, however the graph clearly
illustrates the energy savings that are possible through careful MAC protocol design.

Comparison of MAC Protocols, 11 Neighbours
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Figure: 2.11: Energy consumption of various MAC protocols. The yellow dots

highlight the optimum duty cycle periods. Reproduced from [14], with
permission.

2.5.4 Physical Layer Communications

Dataratesin a Specknet are in general low (commonly of the order of afew tens of
kbps, or at most a few hundreds of kbps) and transmission ranges are short (the dense
nature of the network will result in neighbouring Specks being as close as a few

centimetres, with a maximum considered range of afew metres). Both laser and radio
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communication are being investigated for transmission between Specks. L aser-based
communication is also being considered for communication between Specknets, and
as such may transmit over a few tens of metres. Physically compact designs are
required to comply with the tight size constraints, which of course also result in the

need for minimum power consumption due to the small size of the energy source.

Choice of RF Frequency and Antenna Design

The choice of RF carrier frequency is dependent on a few competing parameters.
Firstly, the small scale of the Specks requires that the antenna size be as small as
possible so as to fit into the fabricated package. With antenna size requirements being
inversely proportional to RF frequency this indicates a choice of a high frequency.
However, free-space path |oss becomes more significant at higher frequencies and thus
increased transmit power isrequired for equivalent performance at lower frequencies.
This trade-off is being explored with investigation of radio and antenna designs at a
range of frequencies from 2.45 GHz to 24GHz [62].

Laser-based Communication

Optical communication is under investigation as an aternative to radio for
communication both between Specks and between Specknets. Laser offers the
possbility of reduced power communications due to the collimated nature of its
emissions. Laser steering technigques and multiple emitters on each Speck will allow
lasersto bedirectly targeted at areceiver, with minimal energy lost to the environment,
and few unintended recipients. This comparesfavourably to radio transmission, where
the (ideally) spherical shape of the emission resultsin many unintended recipients and
inefficient transmission. This is shown in Figure 2.12, where the radio transmission
encompasses severa unintended recipients and the laser transmission is directly
targeted at the desired receiver. This attribute allows laser to communicate over longer

distances than radio for the same energy consumption, and therefore lasers are aso
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being investigated as a means to communicate between separate Specknets. The
drawback to this property is of course the need to ensure that the laser is accurately
targeted. This can result in increased node complexity, due to the need to either steer

the laser beam, or implement multiple transmitters.
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Figure: 2.12: Comparison of the directivity of laser and
radio emissions.

Communications Channel Analysis

Specknets will be deployed in many different environments, and will in generdl
transmit over very short distances. Investigation hastherefore been undertaken into the
characteristics of the communications channel to inform the design of physical layer
communications protocols [16]. The resulting channel model is shown in Figure 2.13.
Results have shown that over short ranges (tens of centimetres), and at datarates of up
to 200kbps, the channel can be considered narrowband, subject to flat fading and with
no requirement for equalisation [16]. Path loss was investigated for transmissions
made between Specks placed on various surfaces. The likely noise and interference

experienced by a Speck-to-Speck transmission usingaCSMA MAC protocol was also
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analysed, informing design choices in implementing the clear channel assessment

stage of the CSMA protocol. Further details can be found in [16].

TX >® >® >|E P RX
! ! i

Path Loss Fading Model Noise and Interference
Environment Dependent Ricean Deployment Strategies
Empirical Measurements Antenna Effects

Figure: 2.13: Narrowband channel model for Speck to Speck communication,
reproduced from [16], with permission.

Early Radio Design

The first generation radio circuit was designed to minimise complexity and limit
power-hungry anal ogue components such as mixers. An On-Off-Keyed (OOK) system
was produced using a simple envel ope detector-based receiver, which avoided entirely
the need for a digital to analogue converter (DAC) or analogue to digital converter
(ADC). Thefirst generation radio circuit is shown in Figure 2.14.

Binary Data DSP @

Modulation
Tx
Rx
DS_P < Envelope < SRO
Receiver Detector

Amplifier

Figure: 2.14: Super-regenerative oscillator (SRO) based OOK transmitter and
receiver.
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Figure: 2.15: OOK modulated signal.

The OOK transmitter allowsfor minimal power consumption, with the RF oscillator

being switched on and off in synchrony with the baseband binary data, producing an

OOK signal asshown in Figure 2.15. Inthereceiver, the received signal isregenerated

using asuper-regenerative oscillator (SRO), brought down to baseband non-coherently

by envelope detection and diced to recover the digital signal, which is presented to the

DSP receiver [35,36]. Manchester encoding was utilised to minimise synchronisation

overhead in the receiver by embedding the clock in the transmitted signal. This results

in an increase to the bandwidth of the transmitted signal by a factor of 2, as shown in

Figure 2.16, however this technique was deemed suitable for use in a Specknet due to
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Figure: 2.16: Comparison of bandwidth of binary sequence and M anchester-

encoded binary sequence.



CHAPTER 2 - Wireless Sensor Networks and Speckled Computing 29

Quadrature Quadrature
A
101
@ o— @ o—
1 0 In-Phase 10 00 In-Phase
@11
BPSK QPSK

Figure: 2.17: Congtellation diagrams for BPSK and QPSK modulation.

the low data rates involved. The implemented Manchester decoder has the added
benefit of being tolerant to clock frequency inaccuracies, which enabled the use of a

cheap clock source, again minimising complexity and power consumption [34].

Future Radio Design

The current OOK transceiver limits potential to improve physical layer
performance using DSP techniques. Different modulation schemes give significantly
different performance curves. The theoretical probability of bit error for a non-

coherent OOK receiver, asused in the first generation radio design is given by [58]:

P = 2Eb 21
e = Q Ng (2.1)

where Q(X) isthe complementary error function,

00 2
_ 1 u
Q) = — j X exp(——z)du 2.2)

E
and N—b isthe signal to noise ratio normalised to data rate and bandwidth, given by:
0
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E, PW

N, = _PN R, (2.3)

where Pg isthe signal power, Py isthe noise power W isthe signal bandwidth, and

R, isthebit rate. Binary Phase Shift Keying (BPSK) or Quadrature Phase Shift Keying

(QPSK) are more complicated modul ation schemes where the data is encoded into the

phase of the carrier wave, as opposed to the amplitude of the carrier asin OOK. The

constellation diagrams for BPSK and QPSK are shown in Figure 2.171. The carrier

phase is modulated according to the input bits. The probability of bit error for coherent
BPSK isequivalent to that for QPSK and isgiven by:

=1 (_5
P, = 2exp 2NO> : (2.9)
The bit error probabilities for OOK and BPSK/QPSK are plotted in Figure 2.18. It

is clear that significant performance improvement can be achieved by switching to
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Figure: 2.18: Comparison of BER curvesfor BPSK/QPSK and OOK .

1. An dternative QPSK constellation can be found by shifting the shown QPSK constellation by T1/4.



CHAPTER 2 - Wireless Sensor Networks and Speckled Computing 31

BPSK/QPSK from the non-coherent OOK scheme currently used. The drawback to
this switch however is increased complexity in both the transmitter and the receiver.
Both the transmitter and the receiver will require a mixer architecture, and there will
be significant synchronisation requirementsin thereceiver. QPSK involvestwo mixers
in the transmitter and receiver to implement the necessary quadrature modulation.
Work is ongoing within the Consortium to design low-power quadrature oscillators
and mixers [24] which would support phase modulation and hence enable more
complex DSP techniques to be used . CDMA has already been discussed in Section
2.5.3 as ameans to improve the energy consumption performance of the SpeckMAC
protocol, however it has al so been proposed as amethod for allowing nodes to transmit
in close proximity with lower power, providing some control isexercised over relative

positioning of Specks[14].

2.6 Data Management in Wireless Sensor Networks

The goal of every sensor network is to gather information from the environment in
which it is deployed. Individual nodes in the network produce data with a frequency
dependent on the network’ s defined application, which also defines how the data are
treated. The application’ s requirements place subsequent demands on the network and
its nodes, and define whether the data has to be extracted from the network. An
application may be such that the network can make its own decision on the data and
act accordingly. On the other hand, the data may need to be extracted from the network
and analysed remotely. Extraction can take two principal forms. The first involves the
data being extracted viaasingle or multiple nodes (sinks) reached viaamulti-hop route
across severa links. The second involves the data being transmitted directly from each
individual node to a central information gatherer. The following example network

scenarios illustrate some of the wide ranging ways with which data may be treated.
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Figure: 2.19: Network with gateway node.

2.6.1 Sensor Network With Gateway Node

This sensor network operates independently by gathering data, which is then
relayed via a specific node (or nodes) to an external data gathering centre for analysis.
Thissystem setup isshown in Figure 2.19 where all sensing nodesin the network direct
their datato a single gateway node which in turn relays the network data to an external
entity. This type of network can be seen in [61] where a network set up to monitor
volcano activity hasindividual nodes collecting data, forwarding it to asingle gateway

node which then relays the data to a remote database.

2.6.2 Sensor Network With Fusion Centres

In this sensor network, as shown in Figure 2.20, data gathered by the nodes is
collected at local fusion centres where any processing, extraction or storage of data
takes place. Commonly, the fusion centre node will possess ahigher level of capability
than the other sensor nodes, i.e. a higher processing power and/or communication
ability/range. To provide this functionality it may be that the fusion centre requires

wired power, limiting the application domain of such a network.
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Figure: 2.20: Network with local fusion centres.

2.6.3 Fully Self-Contained Sensor Networ k

This sensor network also operates independently gathering data, however it is
dedicated to one, or at most a few, applications which alow it to be completely self-
contained. That is, the network acts on the sensory data it collects without passing the
data to any other entity. A simple example of this type of network could be a fire
monitoring network in which each node monitors its local area, and triggers some
aarm on fire detection, with nodes operating cooperatively to reduce false alarm
probability. Figure 2.21 shows an example of such a network, where nodes

communicate as required to share information and make joint decisions.

2.6.4 Remote Sensor Network With Periodic Data Extraction

A set of possible sensor network applications including, for example,
environmental monitoring, battlefield surveillance or planetary exploration result in a
remote network where it is impossible, or unnecessary, to continuously extract
information from the network. In this case the nodesin the network will store datauntil

an external source is ready to extract it. This external source can take the shape of a



CHAPTER 2 - Wireless Sensor Networks and Speckled Computing 34

Figure: 2.21: A fully self-contained network with no link to an outside
world; each individual node has an output device, such as
an alarm.

stationary or mobile (robotic or human transported) sink. This application areais seen
in the study of maximising data extraction [54], as over aperiod of time some nodesin

the network may expire, and the data can be lost.

2.6.5 Leaf Network

Asshown in Figure 2.22 the nodesin this sensor network report directly to a central

Communications link

e
e
-~

Central
Entity

s
-
.=="

Figure: 2.22: Leaf network.
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entity without using any form of hopping communication. The central entity is
commonly an energy-rich node with communication links to the external world, or in
some cases is even externa to the network itself, and the data flow can be frequent, as

in the gateway network scenario, or infrequent, asin the remote network scenario.

2.6.6 Latency and Update Rate

Some sensor network applications will place requirements on the latency and
update rate of data being transmitted to the required location. For clarity, we refer to
latency as the time in seconds between sensor data being generated and it being
received, and update rate as the frequency in Hertz at which the system generates a set
of data. Some systemswill require real-time or near real-time performance, where data
is generated and then processed as quickly as possible, giving low latency
requirements. Update rates will vary depending on the application, for example a
temperature monitoring network may only require data to be generated perhaps every
minute, while a motion tracking application could require severa updates per second,

depending on the speed of the motion.

2.6.7 Effect on Communication Costs

Communication between nodes has been shown to be the most energy expensive
requirement in a WSN [55]. Therefore the communication burden on a node must be
minimised to prolong lifetime. In the worst case, raw sensor data has to be gathered at
a central point via a multi-hop link, which requires nodes to act as relays, increasing
the communication cost on the network asawhole. In[48] it isshown for one scenario
that 3 million instructions could be executed by a single node for the same energy cost
asit would take to transmit 1000 bits over 100m. This result showsthat the processing
power of the nodes can be used to reduce the amount of communication that must take
place. That is, the processing of the data can be undertaken locally at nodes, either

individually or with a limited amount of near neighbours, minimising the amount of
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data that must be transmitted. In addition, it can be assumed in some sensor network
applications that data generated by the many sensorswill be highly correlated, and can
thus be reduced using data aggregation techniques [22,30]. Traffic can aso be reduced
by careful design of data dissemination protocols [23,25]. In some applications,
however, in particular where energy constraints on the nodes are very strict, expensive
multi-hop communication can be avoided by extracting data (raw or processed/
compressed) directly from nodes to a central location. This system shifts the energy
requirements and complexity to the data gatherer, which may not be energy limited,

and alows individual network nodes to be as simple as possible [59].

2.6.8 Managing Data in a Specknet

As seen in Section 2.5, nodes in a Specknet are heavily energy constrained, and
minimising inter-Speck communications as much as possible is an advantage. In
suitable applications, a dense network of Specks will communicate amongst
themselves aslittle as possible, and transmit datato a central location asand when itis
required. Thisalowsindividual nodesto expend minimal energy on communications,
and thus prolong their lifetime. One application of a Specknet in which data are
extracted to a central location for analysis is a body posture tracking system. Such a
system provides motivation for creating an efficient method of data extraction, as it
possesses the usual energy limitations on the nodes, as well as requirements on the
latency and update rate of transferring data to a central location. The Orient system
possesses all these characteristics, and has been the stimulus for the application-driven
research presented in this thesis. The Orient-2 system is analysed for data transfer

requirements in more detail below.

2.7 TheOrient-2 Body Posture Tracking System

The Orient-2 system [74,75] is a real-time posture tracking system that has been
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Figure: 2.23: A snapshot of body motion tracking using the Orient-
2 System, reproduced from[74], with permission.

developed within the Speckled Computing Consortium. The development of the
device has provided valuable insights into chip manufacture, network and physical
layer issues, application development, and many other factors involved in device
conception. In particular, the system has interesting requirements on the treatment of
the data produced by the orientation sensors.

Although the eventual aim is to have a body covered in many tiny specks, the
current system allowsfor full body motion tracking using anetwork of 15 devices, with
motion sensing achieved using data from an accelerometer, two magnetometers and
three gyroscopes. Data are gathered at a central location, and mapped onto arigid body
model, as shown in Figure 2.23. A single device is shown in Figure 2.24. The device
comprises a 16-bit microcontroller, a 32kHz crystal oscillator, a lithium polymer

battery, a 250kbps transceiver and the sensors. Further details can be found in [74].
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Figure: 2.24: Orient-2 device, reproduced from [74], with permission.

2.7.1 Data M anagement

The devices are arranged in a leaf network and each node sends its sensory data to
a central device (in this case, a laptop) which computes the body model. A CSMA
scheme is used for system setup, before the network implements a Time Division
Multiple Access (TDMA) scheme during motion capture. In the implemented system,
nodes compute an orientation estimate locally and transmit this to the central host,
reducing the required information transfer rate significantly [74].

In afully centralised system, where nodes transmit raw sensor data to the central
location, the raw data rate is around 19kbps at an update rate of 180Hz (nine 12-bit
numbers are sent, 180Hz is commonly used in commercially available systems [26]).
However, a rate of 64Hz is deemed sufficient for animation purposes, and by
performing some in-situ processing to transmit only the orientation estimate, the data
rate is reduced to around 4kbps per device (four 16-bit numbers are transmitted), only
21% of the raw rate. Thisis known as a semi-distributed system.

The remaining option, afully distributed system, where the body model would be
computed in-network, is undesirable because of the significant requirement for
communication within the network, as nodes must now receive orientation estimates

from other nodes, as well as transmitting their own estimate. Assuming packet
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reception energy cost to be approximately the same as packet transmission cost (asis
the case for the radio currently used in the system), this results in an approximate
doubling of overall communication energy consumption [75]. It is clear therefore that

the semi-distributed system is preferable.

2.7.2 Current System Limitations

The current implementation is limited in terms of update rate and latency by the
time-shared use of a single radio channel by multiple devices. These problems can be
mitigated to some extent by increasing the data rate, however this approach has
obviousimplications on power consumption, which will rise with communication rate.
Another approach is to implement multiple, parallel radio channels, for example by
using Frequency Division Multiple Access (FDMA). Thiswould enable theindividual
devices to remain relatively simple and low-power, while pushing any additiona
complexity onto the data gatherer.

The system is also currently limited in tracking multiple bodies. Sharing the single
radio channel not only between individual sensor devices but also between multiple
users would result in large latencies and reduced achievable update rates. Again,
multiple radio channels can be used to mitigate these limitations. The multiple
channels can be used in two different manners. Firstly between individua nodeson one
body, termed the Personal Area Network (PAN). In this case latency can be reduced
when forming a snapshot of the posture of asingle body, i.e. all nodes can report to the
receiver in parallel and higher update rates can be achieved. In the second case the
multiple channels can be used between multiple body networks reporting to a central
location. A network of different bodiesistermed aUser Network (UN).

The two network scenarios are summarised in Table 1. Using different
combinations of TDMA and FDMA gives different latency performances for each

scenario.
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PAN UN Resulting network
TDMA TDMA No guarantee on latency
TDMA FDMA Low latency across users
FDMA TDMA Low latency for individuals

Table 1: Summary of network scenarios and resulting latency performance

2.7.3 Using Multiple Frequency Channelsfor Data Extraction

As highlighted in Table 1, FDMA can be used to improve the latency, and
associated update rate, performance of the Orient-2 system. Indeed, this approach can
be used in any case whereit is useful to extract data from multiple nodes concurrently.
Figure 2.25 illustrates the case where N, nodes desire to transmit to a central location
with an update rate of R, = Tiup. Here T, is the packet duration for each node,
which is dependent on packet length and bit rate, and there are N, channels available.
The maximum possible update rate is:

_ Nen

Rup—N

. (2.5)
u ' pkt

The limitations of having only asingle channel areillustrated in Figure 2.26. In the
figure, (2.5) is plotted for a selection of radio bit rates, a packet length of 256 bits and
asinglechannel,i.e. N, = 1. Foracertain desired updaterate, thereisapoint beyond
which a single channel does not provide sufficient capacity, and multiple channels
must be introduced. For example, the Orient-2 update rate is limited to 64Hz by the
radio bit rate, as shown on the graph by the dotted line. For this given packet length,
and fifteen nodes, it would be impossible to implement the TDMA scheme currently
used with anything less than a 250kbps radio. In systems where radio bit rates are
limited, multiple channels become a necessity where there is a requirement for a

certain update rate. In addition, assigning achannel to each node enables the minimum
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Figure: 2.25: N, users transmitting to a central location over multiple channels.

possible extraction time, by allowing nodes to transmit in parallel and minimising the
network-wide data extraction time period to the minimum vaue of Ty, . This allows
the maximum update rate to be achieved, which is limited only by the amount of data
that have to be extracted, rather than by any radio or modulation scheme performance

characteristics.
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Figure: 2.26: Maximum achievable update rate over a single channel for a packet size of
256 bits. The dotted line represents the Orient-2 update rate of 64Hz.
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2.8 Concluding Remarks

In thischapter, WSNs have been introduced, and in particular Speckled Computing,
which is the context of this work. WSNs place constraints on all aspects of network
design, from node power supply to communications protocols; in particular it was
shown that the small size of the nodes severely limitsthe possible energy consumption
of each node. This low power constraint influences the design process in all layers,
from application development down to physical layer communications architecture.

Thefirst generation Speck radio prototype wasintroduced and itslimitations clearly
outlined. It has been demonstrated that the current OOK-based transceiver limits
potential to improve physical layer performance using DSP techniques. Progressing
from the current simple envelope-detector based radio circuit to an oscillator-mixer
architecture would enable future DSP designs to include CDMA or OFDMA.

The issues involved with the processing, communication and extraction of data
from aWSN were then examined. It was explained that communi cation costs dominate
the power budget in energy-constrained sensor nodes, and therefore communication
must be minimised. With reference to a particular application of Speckled Computing,
the Orient-2 body posture tracking system, the use of multiple frequency channels to
extract data in a parallel manner to a central location has been reviewed. It has been
shown that this concept is particularly advantageous in systems with strict latency and

update rate requirements, and where nodes are energy constrained.
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Multicarrier Modulation

3.1 Introduction

This chapter provides an introduction to multicarrier modul ation techniques, and in
particular Orthogonal Frequency Division Multiple Access (OFDMA), which provides
the basis for the work explored in this thesis. Firstly, a specia case of single-user
multicarrier modulation, known as Orthogonal Frequency Divison Multiplexing
(OFDM) isintroduced, and it is shown how this techniques is extended to multiuser
applications. The sensitivity of OFDMA and OFDM to time and frequency offsetsis
then analysed, and it is shown how these errors in synchronisation cause a loss of
performance. Common techniques for dealing with the offsets are introduced, before
the use of OFDMA in Speckled Computing is considered.

3.2 Single-User Multicarrier Modulation

Multicarrier modulation involves the transmission of multiple, parallel frequency
channelsinstead of asingle, wider band channel. Multicarrier modulation schemes are
used in many current systems such as Digital Audio Broadcasting (DAB) [94], and the
|EEE 802.11 Wireless Loca Area Network (WLAN) standard [79].

43
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Figure: 3.1: Basic multicarrier transmitter block diagram.

A basic multicarrier transmitter is shown in Figure 3.1. Data are split into several
parallel streamsand modulated onto different frequency carriers, known as subcarriers.
Figure 3.1 suggests any set of frequencies are used for channel modulation, and when
the idea was first introduced in the late 1950s and was known as Frequency Division
Multiplexing (FDM) [42], this was the case. Originally implemented using banks of
analogue oscillators, in 1971 Weinstein proposed the use of the Discrete Fourier
Transform (DFT) to digitally modulate data onto multiple orthogonal frequency
carriers[67]. Bingham later realised that processing technology had progressed to such
a degree that digitally implemented multicarrier techniques using the Fast Fourier
Transform (FFT) were redlisable [10]; the FFT is a fast and efficient method of
implementing the DFT [13]. Using DFT techniques resultsin a special case of FDM,
where all the subcarriers are orthogonal. This modulation scheme has become known

as Orthogonal Frequency Division Multiplexing (OFDM).

3.2.1 Orthogonal Frequency Divison Multiplexing

A block diagram of a basic OFDM system is shown in Figure 3.2. The transmitter
performs parallel-to-serial conversion on complex symbols, and modulates them
directly onto subcarriers using an inverse DFT (IDFT, commonly implemented using

the inverse FFT (IFFT)) before converting the IDFT outputs to a serial transmitted
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Figure: 3.2: Block diagram of an OFDM transmitter and receiver.

waveform. The receiver takes blocks of samples and processes them with the DFT,
effectively sampling at regular frequencies using the DFT, before parallel-to-seriad
converting to recover the transmitted complex symbols.
A transmitted baseband-equivalent OFDM symbol is defined as
N-1

s[n] = chéznkn/ N (3.1)

k=0

where N isthe number of subcarriers, f isthesampling rate, T = N/f, isthe OFDM

symbol period and 0<n< N. The IDFT isgiven by
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Sum of other
sinusoids

Figure: 3.3: Real part of the output of an OFDM transmitter IFFT block
showing the sum of sinusoids.

N-1
_ _]; j2mkn/N
x[n] = N§ X, € . (3.2)

k=0

Comparing (3.1) with (3.2), it is clear that an OFDM transmitter can be implemented
using the IDFT.

Looking at (3.1) it can be seen that the OFDM symbol is a sum of N modulated
sinusoids, asis shown in Figure 3.3 for the first four (non-zero frequency) subcarriers
of an OFDM symboal. It can be seen that asingle OFDM symbol consists of an integer
number of periods of each sinusoid; the generated frequencies are integer multiples of
the subcarrier spacing, fg,,, which isthe inverse of the OFDM symbol period:

1
fap = 7 (33)

Thefigure aso illustrates one of the major drawbacks of OFDM, namely that it can
possess a large Peak to Average Power Ratio (PAPR). As an OFDM symbol can be
made up of alarge number of sinusoidal signals, when they add constructively large
peak amplitude values are seen. A large PAPR causes a power amplifier to operatein
an inefficient manner.

The spectrum of each modulated subcarrier forms a sinc shape due to the rectangular
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Figure: 3.4: Spectrum of an OFDM signal, also showing individual subcarriers.

windowing inherent in the IDFT operation, as shown in Figure 3.4, which shows the
spectrum of five modulated subcarriers and their sum. Each subcarrier therefore has a
peak at one frequency, and nulls evenly spaced at integer multiples of the subcarrier
spacing f,,, as shown by the circles in the figure. The nullsin the spectrum of one
subcarrier therefore coincide with the peaks of the other subcarriers. The orthogonal
property of the subcarriers allows them to be placed, in the frequency domain, as close
to each other as possible without causing mutual interference. There will be no Inter-
Carrier Interference (ICl) when symbol samples are taken by the receiver using the
DFT. The receiver will sample and demodulate subcarrier m of the sampled

transmitted signal s[n], asgivenin (3.1), by performing a DFT asfollows:

N-1 .
Ym - _IEZ S[n]e—jZRmn/N
n=0

N-1N-1

1 Z Z Ckeizn(k—m)n/N
N

n=0k=0

(3.4)

where Y, isthe decision variable for subcarrier m. Inideal conditions, Y., = ¢, as
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N-1

1 ejZn(k—m)n/N 11 Kk=m

= = . 3.5

NZO {O k#m (
n=

Equation (3.5) illustrates the orthogonal nature of the subcarriers.

3.2.2 Benefits of Multicarrier Modulation

The splitting of asingle carrier signal into multiple subcarriersis of great benefit in
multipath channels. A multipath channel results in a frequency-selective response, as
shown in Figure 3.5. With different levels of attenuation occurring at different
frequencies, inasingle carrier system acomplex equaliser can be necessary to mitigate

channel effects. By using a multicarrier signal, however, the received signal can be

Channel Gain Single Carrier
A Signal

I~

VA ! !
Fe. Frequency

Channel Gain Multicarrier

A Signal

\/\ ,‘\J" \ﬁg \/‘ Frequency

Figure: 3.5: Comparison of single and multicarrier signalsin afrequency-selective
channel.



CHAPTER 3 - Multicarrier Modulation 49

SYMBOL n SYMBOL n-1 SYMBOL n-1

\Transients caused

by multipaths

Figure: 3.6: Multipaths cause symbolsto merge into one another.

treated as a collection of individual, flat-fading channels, which are easily equalised.
OFDM is dso extremely resistant to Inter-Symbol Interference (ISl) caused by
multipath delayed arrivals. M ultipath arrivals cause transients at the beginning and end
of each symbol, changing the sinusoidal shape of the symbols and causing one symbol
to merge into the next, as shown in Figure 3.6, destroying the orthogonality between
subcarriers. For the same system bandwidth, OFDM has a much longer symbol length
than a single carrier system and therefore the effect of this symbol merging is less
important. For example, an OFDM system with N subcarriers has a symbol length of
N times the equivalent BPSK or QPSK system. For further protection against 1Sl
caused by multipath channels, aguard period isinserted between OFDM symbols[10].
Usually, a section of the end of the symbol is copied and used as a prefix to the symbol,
and isknown as acyclic prefix. This processis shown in Figure 3.7. The cyclic prefix
is removed before demodulation and, as long as the cyclic prefix is longer than the
channel response, orthogonality ismaintained. Thecyclic prefix isalso frequently used
in symbol synchronisation [8], and provides protection against time offsets[31]. In an
OFDM receiver it is very important that accurate time and frequency synchronisation
is maintained. If it is not, both IS and ICI can be problematic [21,47]. The issues
surrounding time and frequency offsetswill be covered in Section 3.3, when the use of

OFDM as a multiple access technique is considered.
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Figure: 3.7: A cyclicprefix isformed by taking a portion from the end of asymbol
and affixing it to the start.

3.2.3 Use of OFDM in Speckled Computing

The main benefit of OFDM, as explained previoudly, isits robustness to the effects
caused by transmitting over multipath channels. In single carrier systems, the
maximum achievable data rate and transmission range are limited by the problems
outlined above, namely frequency-selective fading and 1SI. Using OFDM and
exploiting itsinherent mitigation of these problems allows higher datarates and longer
transmission ranges. It is for these reasons that OFDM is being considered for
development of high data rate standards such as the 3rd Generation Partnership Project
(3GPP) Long Term Evolution (LTE) project for evolution of the Universal Mobile
Telecommunications System (UMTYS) [87].

Speckled Computing has very different requirements on a physical layer protocol.
In general, datarates are low and ranges are short, as seen in Chapter 2, and as such the

added complexity of OFDM implementation is not worthwhile. OFDM can, however,
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be used asa multiple access technol ogy, for example by assigning different subcarriers
to different users. This will provide the main subject of investigation in this thesis as
OFDM techniques are applied to the problem of extracting data efficiently and at the
lowest possible cost from the Orient-2 network. Subsequent sections therefore

investigate the use of OFDM techniques in multiuser scenarios.

3.3 Orthogonal Frequency Division Multiple Access

OFDM can be extended in various ways to cater for multiple users [52]. The
simplest method is to assign discrete sets of subcarriers to individual users, thus
implementing aform of FDMA.. This technique provides the basis for thiswork andis

thus covered in some detail in the succeeding sections.

User 1 User 2 User3 User 4 User K
N N ~— ~— N
([ ([ ([ (| (I .
L1 L1 L1 | | | Subcarrier
123 N-1 index

Figure: 3.8: OFDMA block-based subcarrier assignment, with 3 subcarriers per user
and a guard subcarrier on each side.

3.3.1 Multiuser Orthogonal Frequency Division Multiplexing

OFDM can be applied in a multiuser context by assigning different subcarriers to
different users, as in Figure 3.8. This is known as Orthogonal Frequency Division
Multiple Access (OFDMA). In the example in the figure, the subcarriers have been
assigned to usersin blocks of 3 subcarriers, with asingle subcarrier used as a guard on
either side. The number of subcarriers allocated to each user for data and guards is not
necessarily fixed, and indeed significant investigation has been carried out into
subcarrier allocation strategies, see [32] and references therein.

In anideal case, areceiver can receive the superposition of multiple users' signas
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and demodulate them together using a DFT, as if the signal was a single OFDM
transmission. In practical situations, however, Doppler shiftsand oscillator instabilities
result in different frequency offsets between users and a receiver, and different
transmission times and propagation delays result in time offsets between users. As
mentioned briefly above, an OFDM-based signal is very sensitive to time and
frequency offsets, and as such users in an OFDMA system must be carefully
synchronised. The sensitivity of an OFDMA system to time and frequency offsets

between usersis analysed in the next section.

3.3.2 Sensitivity to Synchronisation Errors

The effects of time and frequency synchronisation errors have been extensively
covered in the literature for both OFDM and OFDMA, [21,31,41,47,66]. Here, the
effects caused by time and frequency synchronisation errors on the demodulation of a
single subcarrier are examined. The analysis of asingle subcarrier is carried out in the
continuous time domain as it provides an intuitive, and visual, understanding of the
effects of time and frequency offsets. The results shown here can be readily applied to
both full OFDM and OFDMA systems, as each subcarrier can be analysed individually
and then the results superimposed as both signals are defined as sums of subcarriers.
Inan OFDMA system, time and frequency offsets will be constant across discrete sets
of subcarriers, whilein an OFDM system, time and frequency offsets will be constant
across all subcarriers.

The system used to analyse the effects of time and frequency offsets is shown in
Figure 3.9. A stream of complex symbols, Cii» (each of period T) is modulated by a
subcarrier at frequency k,/THz. Thesignal is then subject to atime offset, 7, and a
frequency offset, Af, before being demodulated by Fourier Transform to produce a
decision variable, Y,,,. Note that for generality 7, and Af, are both defined relative to

the symbol period T, and as such

0<[1, Af]<1. (36)
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Figure: 3.9: System used to analyse the effects of time and frequency

offsets on the decision variable of asingle subcarrier,
showing the addition of the time and frequency offsets.

In apractical system the decision variable would then be input to a decision device to
recover the transmitted symbols.
A transmission by a single user on a single subcarrier takes the following form:

j2nk, (t—=iT)/T

X(t—iT) = ¢ ;€ (3.7)

where ¢, ; is the complex data symbol transmitted during the i™ OFDM symbol on
the k,, th subcarrier. The received signa (under otherwise ideal channel conditions, and
including time and frequency offsets) is:

j2mk,(t —iT—‘cu)/Tej 2nAft/T

r(—iT) = Cy, i€ (3.8)

and the decision variable at the output of the Fourier Transform for the ith symbol on

the m" subcarrier is;

i+DT
Yo :% j F(t—iTye 2™ Tt 3.9)
iT

Due to the time offset, the transform window is effectively offset by T, x T, and some
of the previously transmitted symbol is included in the window, as shown in Figure
3.10. Without loss of generality, we analyse the decision variable for the (i = 0)th

symbol on subcarrier m.

Y,

m,

P C

where Yr':] o Isthe contribution from the previous symbol and Yg o Isthe contribution



CHAPTER 3 - Multicarrier Modulation 54

iT (i+7)T (i+1)T
-t
Symbol i-7 Symbol i
Y’ Y<
= Fourier Transform ~

Window

Figure: 3.10: Receiver timeline showing the time offset of the received signal relative to
the Fourier Transform window.

from the current, desired symbol, as shown in Figure 3.10.

TLJ
jomk,(t+ T—1,)/T j2rAf,t/T _j
YrI:LO:_:_LrJ‘ kw_lln (t+T-1,)/T jor oi2nmt/T g
0 (3.12)
TLJ
1 jzn[(ku_m+Afu)t + ku(T_Tu)]/T
==|c 4 dt
T w
0
and
T
j2mk,(t—1,)/T j2rAft/T _j
Yﬁozgjkoejn( /T j2n Gi2mmt/ T
el T U
T
N A2
- (312)
i2n[(k, —m+ Af )t —k,t,1/T
_ ljck [ e mm e AT
T *
TLJ
(3.11) and (3.12) reduce to:
T, . K —m+Af )T\ jr2k,(T- k,—m+Af)t,)/T
YrI:I’O - Cku’ _1TI_LJSnC(( u T LI) U)ejn( u( Tu)+( g—m+ u)Tu) (313)

and
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el T e (55

Yo (3.14)
ejrc(—2ku1u+(ku—m+Afu)(1u+T))/T
where
sinc(x) = 3N(X) (3.15)
X
Inanideal, fully-synchronised system, t, = Af, = 0, and

c m = k
Yo = { 0 " (3.16)

’ 0 m=k,

again showing the orthogonal nature of the subcarriersinideal conditions, asthe signal
transmitted on the single subcarrier k, has no influence on any other subcarriers.
Equations (3.13) and (3.14), essentialy expressing the frequency domain
representation of an OFDM or OFDMA signal, also confirm its sinc-shaped spectrum.

If [T, Af,] # 0, the decision variable on what istermed the desired subcarrier, i.e.
Yy, 0, Where m =k, is subject to a phase rotation and an attenuation, which are
dependent on the offsets and the subcarrier frequency k,/ T, but which are constant in
time. It is also subject to 1Sl from the previous symbol. In addition, the output on the
other subcarriers, m#k,,, is non-zero, i.e. there is ICl. The magnitude of the ICI on
neighbouring subcarriers and the loss of energy on the desired subcarrier caused by
time and frequency offsets is depicted in the following figures, which show the
Ym

magnitude of the decision variable output, , on severa subcarriers for different

time and frequency offsets, assuming a single transmitted subcarrier.

3.3.3 Time Offsets

Figure 3.11 shows the magnitude of the decision variable output when considering
only a single symboal, i.e. the previous symbol takes a zero value and thereisno 1Sl.

The time offset is varied relative to the OFDM symbol period, T, and zero frequency
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Figure: 3.11: Magnitude of thedecision variable, Y,,, for varying time offsets, showing
interference on neighbouring subcarriers; previous symbol is zero.

offset is assumed. Considering a single symbol in isolation alows a clear visual
understanding of what occurs as time synchronisation islost. For zero offset, shownin
the figure by the black dots, the entire received energy is concentrated on the desired
subcarrier (where k, = m), and no interference is seen by the other subcarriers, as
expected. Asthe time offset increases, it can be seen that there is an amplitude loss on
the desired subcarrier, and an increase in ICl on neighbouring subcarriers, as shown by
the crosses. The worst interference is experienced by those subcarriers adjacent to the
subcarrier with the offset, and the interference decreases with spectral distance. The
worst case offset of half the symbol period resultsina3dB loss of energy onthedesired
subcarrier.

The actua behaviour of the interference caused by time offsetsis a so dependent on
the relationship between the current and previous symbols. Indeed, if the previous and
current symbols are the same, the only effect of the time offset will be a phase shift on
the decision variable, and there will be no ICI. Using a cyclic prefix has the same
effect; employing a cyclic prefix of length longer than the maximum expected time
offset resultsin no loss of orthogonality, and only a phase shift. The decision variable
can then be phase rotated to correct the error, or a differential modulation scheme can

be used. Figure 3.12 shows the decision variable output when previous symbols with
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Figure: 3.12: Magnitude of the decision variable, Y,,, for varying time offsets, using previous
symbols with a phase shift of ©t (top) and ©t/2 (bottom) from the current symbol.

aphase shift of © and nt/2 from the current symbol are transmitted, with the dots and
crosses having the same relevance as in Figure 3.11. A phase shift of = between the
symbols producesthe worst result, with asignificant amount of interference being seen

on neighbouring subcarriers, and alarge amplitude loss on the desired subcarrier.

3.3.4 Frequency Offsets

Assuming no time offset meansthat thereisno contribution to the decision variable
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Figure: 3.13: Magnitude of the decision variable, Y,,, for varying frequency offsets,
showing interference on neighbouring subcarriers.

from a previous symbol. The decision variable therefore reduces to:

jmt(k,—m+ Af))
5 .

Ymo = Yﬁ,o‘ru:o = Cy, oSiNc(k, —m+ Af,) (317)

Equation (3.17) shows that, when there is a frequency offset (which may be due to
oscillator inaccuracies or Doppler effects), that the decision variable on the desired
subcarrier is again subject to an error in phase and amplitude, and is non-zero when
k, # m. Figure 3.13 shows the magnitude of the decision variable output for various
subcarriers for a selection of frequency offsets. The dots give the ideal sample points
and the crosses give the sample points under the influence of frequency offsets. The
result in this case is an amplitude loss on the desired subcarrier, and ICl on
neighbouring subcarriers.

Both time and frequency offsets on a subcarrier cause performance degradation on
the subcarrier in gquestion and neighbouring subcarriers. ICl and ISl increase the noise
seen on adecision variable and thus reduce the effective Signal to Noise Ratio (SNR),
degrading performance. Considering these effectswhen multiple subcarriersarein use,
it can easily be inferred that the noise introduced will rapidly become significant if
offsets arelarge.
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Figure: 3.14: Performance degradation on a single user among fifteen users, due to time (left) and
frequency (right) offsets. Offsets given are relative to symbol period and subcarrier

spacing respectively.

3.3.5 Performance impair ments

Figure 3.14 gives examples of the performance degradation caused by a lack of
synchronisation in an OFDMA system where each user transmits a single subcarrier.
The BER performance for Differential Quadrature Phase Shift Keying (DQPSK) is
plotted against E, /N, at the input to the receiver FFT. The curves are calculated by
Monte Carlo simulation for a single user on the 8th subcarrier among 15. The worst
case result is shown by giving all users the same time offset for the time offset curves,
and by arranging the frequency offsets as in Figure 3.15. Each user has the same
magnitude of frequency offset while the direction (positive or negative) of the offset
for each user is chosen to maximise interference on user 8.

Both graphs show the significant performance degradation which is experienced as
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offsetsincrease. For thisreason time and frequency offsetsin an OFDMA system must
be minimised, and synchronisation across users is crucial. Note, however, that the
performance loss is minimal for small offsets, indeed both graphs show a very small

degradation for offsets of less than approximately 1%.

Positive Offset P Negative Offset

I
I
I
I
I
I
User User User
1 8 15

Figure: 3.15: Interfering users are given frequency offsetsto cause the worst case
performance on the middle user, user 8.

3.4 User Synchronisation in an OFDMA System

Asseenin Section 3.3.5 synchronisation across usersin an OFDMA system isvery
important to avoid performance loss. The synchronisation requirements for an
OFDMA system depend on the scenario in which the network is deployed. There are
essentially three cases where such a system could be used to provide multiple access,
as shown in Figure 3.16; the downlink of a centralised system, the uplink of a
centralised system, or in an asynchronous system where nodes can transmit freely
amongst themselves. Synchronisation in OFDMA systems has been extensively

surveyed in [41], and will be reviewed here.

3.4.1 Centralised Downlink

In a cellular downlink scenario a base station transmits to other, possibly mobile,
nodesin the network. Different subcarriersare allocated to different users, and the base

station transmits on all subcarriers at once, transmitting to al users in parallel. The
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Figure: 3.16: Thethree main network scenariosin which OFDMA can be used as a
multiple access technique.

signal arriving at each node can be treated as an OFDM single user transmission, as
each subcarrier is subject to the same time and frequency offset. Single user OFDM
synchronisation techniques can therefore be used in this case, and are extremely well
covered in the literature. Synchronisation technigues commonly use the redundancy
present in the cyclic prefix [8] and/or a preamble of training symbols [38,39,57] to
estimate the offsets. The cyclic prefix method negates the need to send additional
training symbols, however islimited to detection of frequency offsets up to half of the
subcarrier spacing. Often short training symbols are sent to increase the frequency
range for initial coarse estimation [39]. The frequency offset can be compensated by
phase rotation of the DFT outputs, and the time offset can be minimised by shifting the
DFT window.

3.4.2 Fully Asynchronous Networ k

In ad-hoc networks, for example some WSNSs, there is no central entity controlling
communications, and nodes can transmit to any other node, at any time. All OFDMA
transmissions must be synchronised in time and frequency, in order to avoid the
interferenceissues explored previoudy. The PACWOMAN project isinvestigating ad-
hoc Wireless Personal Area Networks (WPAN) [82]. OFDMA isinvestigated in [27],
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where a combination of TDMA and OFDM is implemented. In the system a single
node is nominated as a time and frequency reference, and any new node coming into
the network must synchronise to this node. Through this procedure, which involves a

significant amount of control overhead, network-wide synchronisation is achieved.

3.4.3 Centralised Uplink

Synchronisation for the uplink in a centralised network is complex, as users arrive
at areceiver with different time and frequency offsets. The downlink approach cannot
be used in the uplink, as correcting one user’ s offset will misalign any other user that
may have been synchronised. The smplest solution to this problem was introduced in
[9], where blocks of subcarriers belonging to discrete users are separated by a bank of
bandpass filters. Time and frequency offsets for each user are then estimated using
standard OFDM techniques, and returned to usersin adownlink control channel. Users
then adjust their oscillator frequencies and transmit timesto compensate for the offsets.

Offsets cannot be estimated in this way in systems where users are assigned non-
block-based sets of subcarriers, however techniques exist for estimation of offsets in
this case, [11,40]. The process of returning offset estimates to users introduces an
obvious overhead to network communications, therefore, more recently, techniques
have been investigated which estimate and compensate for offsets directly in the base
station, seeexamplesin[41]. Another approachisfor usersto usetheir offset estimates
from the downlink communications as references for uplink transmission. In [31] the
authors describe a system where users time synchronise to the downlink transmission,
and time offsets reduce to the order of the propagation delay between users and the
base station.

Although the Orient-2 system takes this form, the complexity involved in
implementing many of these solutions, such as the control overhead involved in
signalling time and frequency offsets to each user, makes them unsuitable. A novel

solution to these issues is therefore investigated in this thesis.
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3.4.4 Using the Cyclic Prefix to Mitigate the Effect of Time Offsets

The analysisin Section 3.3.2 assumed a continuous-time Fourier Transform in the
receiver, in order to clearly show the ICl and ISl caused by time and frequency offsets.
Inany practical system, thereceiver will beimplemented using aDFT (or, most likely,
an FFT), inwhich case the time offset seen by the receiver becomes afunction not only
of the physical time offset, but also of the number of subcarriers. This becomes
important in systems with a small number of subcarriers, as even a small delay can
result in a significant time offset relative to the OFDM symbol period T, if no cyclic
prefix isused. Thisisillustrated in Figure 3.17, where a simple example of only four
subcarriersis shown (thusthe receiver samplesat four samples per symbol). Any delay
of up to one sample period results in a sample being taken from the previous symbol,
and thus an effective delay, as experienced by the FFT, of one whole quarter of the
symbol period. If acyclic prefix isused that islonger than the maximum possible time
offset, the first sample will be taken from the cyclic prefix, rather than a previous
symbol, and the only effect of the offset is a phase rotation of the decision variable. In
systems where users synchronise to the downlink transmission, ensuring the cyclic

prefix is longer than twice the maximum propagation delay can render timing

4 Samples
for FFT
0 T 2L 3L 4L
: : : : : >t
No offset X X X
Offset t=
T, sample/ 3 ¢ )E( i i i

Figure: 3.17: Thediscrete nature of thereceiver resultsin time offsets measured in multiples of the
sampling period. In this example, with only four samples per symbol, the FFT
experiences an effective offset of one quarter of the symbol period (one sample) for
any physical offset of up to one sample period.
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synchronisation in the receiver unnecessary; this type of system is often referred to as
aquasi-synchronous system [7,41]. The phase shift can be corrected in the receiver, or
differential modulation can be used, in which case a constant phase shift does not pose

a problem, as explained below.

3.45 Carrier Phase Offsets

Time offsets result in users arriving at the receiver with random phase offsets. It is
impossible for the receiver to phase synchronise to all users, as synchronising to one
user will not resolve the phase problem with all other users. A coherent receiver is
therefore not possible. In a quadrature system, the result of a carrier phase offset is a
rotation of the constellation, as shown in Figure 3.18 for a QPSK modulated signal
afflicted with a carrier phase offset of 6. This issue can be resolved by transmitting
differentially phase modulated signals, (known as Differential Phase Shift Keying
(DPSK)) where each symbol is encoded with reference to the previous symbol, rather
than mapped to afixed constellation with reference to some fixed phase. For example,
for Differential Binary Phase Shift Keying (DBPSK), to transmit a binary ‘1’ the
carrier phase is shifted +180° from the phase of the previous symbol. To transmit a
binary ‘0", the phase is shifted by 0° (i.e. the phase is unchanged). To demodulate the

Quadrature

In-Phase

Figure: 3.18: QPSK constellation showing ideal signal points (circles) and points
rotated as aresult of acarrier phase offset of 8 (crosses).
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Figure: 3.19: Comparison of probability of bit error curves for
BPSK/QPSK, DBPSK and Gray-coded DQPSK.

signal the receiver compares the phase of two symbolsinstead of comparing the phase
of asingle symbol to some global reference phase, and therefore the receiver oscillator
does not have to be in phase synchronisation with the transmitted carrier.

The penalty of using differential modulationisalossin BER performance as shown
in Figure 3.19. For example thelossis approximately 2dB at a BER of 10, This drop
in performance is due to the increased noise involved in the decision process, the
reference phase is taken from a noisy previous symbol, rather than a clean locally
generated zero phase [50]. The theoretical probability of bit error in white Gaussian
noise for DBPSK is

(3.18)

and for Gray coded DQPSK is

1 @+ )
P. = Qi(a b)—élo(ab)e (3.19
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where Q,(a, b) isthe Marcum Q function and 1,(x) isthe modified Bessel function
of order zero. For further information see [50], where the parameters a and b are also
defined as:

(3.20)

3.4.6 Use of OFDMA in Speckled Computing

A Specknet is by definition a low-data rate, short range, asynchronous network.
OFDMA could be used in a similar manner to the PACWOMAN WPAN network
introduced in Section 3.4.4, however the control overhead required is excessive for use
in energy-limited nodes such as Specks. In some Specknet applications, in particular
the Orient-2 body posture tracking system which was explored in Chapter 2, it isuseful
to be able to extract datafrom the network in a parallel and efficient manner, in which
case OFDMA provides suitable functionality, provided time and frequency offsets are
dealt with. It was shown in Section 3.4.3 that there are many methods for managing the
effects of time and frequency offsetsin a centralised uplink system such as the Orient-
2. Mogt, however, involve too much complexity for nodes which need to be kept as
simple as possible. As aresult, anovel method of dealing with the time and frequency

offsets must be proposed. Such a solution isintroduced in the next chapter.

3.5 Concluding Remarks

This chapter has provided an introduction to multicarrier modulation techniques, in
particular OFDM and its multiuser counterpart OFDMA. OFDM modulation was
reviewed, and its suitability for high data rate networks was made clear. The extension
of OFDM to OFDMA was then investigated, with particular emphasis on the
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importance of time and frequency synchronisation between users. The detrimental
effects of the offsets and the subsequent performance degradation were investigated,
and some synchronisation techniques for different network types were reviewed.

It was shown how the cyclic prefix can be used to form a quasi-synchronous system,
where the effect of time offsets is to introduce a phase rotation to the received data
symbols. This can be overcome by using differential modulation techniques. It was
also briefly suggested that OFDMA can be used to implement multiple channels for
data extraction from a WSN, and particularly the Orient-2 system, provided the
frequency offsets can also be managed. Standard synchronisation techniques are,
however, overly complicated for use in ssimple nodes, and therefore a novel solution
must be developed. In the next chapter, a receiver-initiated data extraction protocol is

proposed which addresses these issues.



Chapter 4

An OFDM A-Based Data Extraction Protocol

4.1 Introduction

It was shown in Chapter 2 that parallel frequency channels can be useful in networks
such as the Orient-2 with update rate, latency and energy limitations. Chapter 3
introduced OFDMA and suggested how it could be used to create an efficient
orthogonal FDMA system. In thischapter, areceiver-initiated OFDMA data extraction
protocol is introduced, which alows data to be extracted from multiple nodes in
parallel usng asimple digital receiver. Asshown in Chapter 3 OFDMA has very tight
time and frequency synchronisation requirements, thus the protocol is designed to
elegantly manage these issues. In particular, a novel method of combining frequency
offset compensation with subcarrier generation is proposed. Various implementation
issues for the data extraction system are then investigated, with close reference to the
Orient-2 network.

4.2 An OFDMA-Based Data Extraction System

As shown in Chapter 3, OFDMA is a spectrally efficient method of implementing
an FDMA system. In addition, it can be received efficiently using Fourier Transform

based processing, commonly implemented with an FFT. As suggested previously for

68
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the Orient-2 system, it can be used to extract data from multiple nodes in a sensor
network in a parallel manner. By allocating asingle subcarrier to each user, the sensor
network nodes can remain relatively smple, needing only an extra digital subcarrier
modulation stage in addition to their normal radio front end. As also shown in Chapter
3, however, transmissions from multiple users must be synchronised in time and
frequency in order to avoid multiple access interference. In a data extraction context
these limitations can be overcome if the extraction takes place in a receiver-initiated
process. That is, the receiving entity polls a selection of nodes who reply concurrently
with the required data. Assuming certain limits on propagation distances and required
data rates, the time offsets between user signals arriving at the receiver can be
sufficiently small. In addition, by structuring the polling signal in such a way that a
node can make an estimate of the frequency offset between its oscillator and that of the
receiver, the transmitting node can adjust its transmission frequency to compensate for
the offset. This also results in a simple receiving node, which has no requirement for
complex synchronisation circuitry and demodulates data from multiple sources using
efficient FFT-based hardware.

The timeline for this process is shown in Figure 4.1. In the diagram, the processis
initiated by the receiver sending a polling signal. On reception of the polling signal a
node estimates the carrier frequency offset, compensatesfor it and then sends its data.
Inthe Figure, Ty, isthe time between the beginning of the transmission of the polling

signal and reception of the datafrom node N. Thisincludestwice the propagation delay

Receiver Polling Signal
|

I Time
| T,

Node 1 |< > Node 1 Data
I
I

T
Node 2 :< 2 »> Node 2 Data

I

Figure: 4.1: Receiver timeline of the polling data extraction protocol.
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between node N and the receiver (propagation time of the polling signal and then the
data packet), the time taken by the node to estimate the frequency offset, and the time
taken to then prepare and send a packet. It is assumed that the estimation, preparation
and transmission timeisequal for all nodes. Asaresult, time offsets between nodes are
directly proportional to the differencein propagation delay (and thus distance) between
each node and the receiver. The issues relating to time offsets, as well as phase and
frequency offsets, are examined in more detail in the following sections.

The block diagram of the transmitter structure for each individual node is shown in
Figure 4.2. The additional complexity needed to implement the OFDMA data
extraction system isadigital mixing stage, where the baseband datais modulated onto
a subcarrier whose frequency includes compensation for the frequency offset. The
binary datais first baseband modulated with the desired baseband modulation before
being digitally mixed onto the desired subcarrier frequency f ,, where f_ , includes
the frequency offset compensation, see Section 4.2.2 for more detail s on this operation.
The subcarrier generator is therefore sensitive to the frequency offset estimate
calculated on reception of the polling signal. The modulated subcarrier signal is then

digital to analogue converted before being mixed up to the carrier frequency f..

|
In-phase I DAC ¢
Channel |
| sin(2nfusn) sin(2xf.)

|
|
|
|
|
Subcarrier :
|
|
|
|

|
Binar; Baseband .
y . I Generation /
data Modulation | .

| Compensation
| cos(2nf.t)

Quadrature |

Channel | DAC |
|
|
Baseband Domain Subcarrier Domain RF Domain

A

> > p
Frequency Domains

Figure: 4.2: Block diagram of individual node transmitter.
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Figure: 4.3: Timeline of the receiver-initiated communication exchange.

4.2.1 Dealing With Time Offsets

Thetime offsets between users are directly proportional to the differencein distance
between each user and the receiver. The communication exchange protocol is shown
in Figure 4.3 and includes, as explained previously, transmission of the polling signal,
frequency offset estimation and packet preparation and finally packet transmission.
The period of the whole exchange for node N, Tglxch s

N _
exch —

N
T 2Tp + Tt Towe (4.2)

and a packet from node N will arrive at the receiver after a period TETA, given by:
N N

where T:;I is the propagation time between user N and the receiver, T', is the time
taken to receive and process the polling signal (i.e. estimate and compensate for the
frequency offset) and Tokt isthe length of a packet.

With reference to Figure 4.1, Figure 4.3 and (4.2), the time offset between the 2

USErS, Ty, , iS:
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Tp = Tp—Ty

2 1
TETA - TETA

2 1
(2Tp +T,) — (2Tp +T4) (4.3)

2ATo-T))
(d, —d)

=02 U

c

where d is the distance between user N and the receiver and c is the speed of light.
In many systems this difference in distance will be small given the close proximity of
nodes in a sensor network. In addition, as shown in Chapter 3, the extent of the time
offset problem is closely related to the size of the offset relative to the symbol length,
or required datarate. Thus the time offset issue is less of a problem in systems where
data rates and distances are low, such as many forms of WSNs. In these cases, time
offset problems can be managed through the use of avery short cyclic prefix, as shown
in Section 3.4.

An Example of Time Offsetsin a Realistic System

The worst case offset occurs between the nodes with the biggest difference in
distance from the receiver. Figure 4.4 uses (4.2) and (4.3) to show the maximum
possible difference in distance between two nodes for given desired bit rates and
different maximum offset limits, which can be used as an approximate guide to
maximum network size. BPSK modulation is assumed, giving one bit per OFDM
symbol. As seen in Chapter 3, a cyclic prefix of length longer than the maximum
predicted time offset can be used to implement a quasi-synchronous system. Thereis
atrade-off between the redundancy needed to implement a cyclic prefix of sufficient
length, and the network dimensions for a given bit rate. One way a network designer
can use the results in the figure is as a guide to maximum network dimensions. By
selecting a cyclic prefix length that is reasonable for the design specification, the

maximum difference in distance between two nodes and the receiver can be found for
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the desired bit rate. Two examples are marked with crosses on the figure. Firstly, for a
maximum acceptable cyclic prefix length of 1% of the OFDM symbol period, and a
desired bit rate of 150kbps, the maximum difference in distance between two nodesis
approximately 10m. A reduced cyclic prefix length of 0.1% of the OFDM symbol
period can be used to transmit at a bit rate of 10kbps over asimilar distance. Increasing
the network dimensions requires an increase in cyclic prefix length or a decrease in
achievable bit rate.

4.2.2 Correcting Frequency Offsets

A frequency offset between an individual transmitter and the receiver causes aloss
in performance, as was discussed in Chapter 3. This spectral effect is reviewed in
Figure 4.5. Assuming an FFT-based receiver, the spectrum is essentialy sampled at

regular frequencies, where each frequency belongs to an individual user. Inthe figure,

10 : ; R
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104 Toff:O'l% ]
T = 1%
103 Toff:S% i
T.=10% ]
off

Maximum allowed difference
in distance (m)
=
o

10" ¢ 3

-1 ) N | ) N |

10° 10" 10° 10°

Desired bit rate per user in kbps
Figure: 4.4: Maximum allowed difference in distance between two nodes communicating with a

central receiver. T givesthe maximum permitted offset (equal to the maximum
desired cyclic prefix length), as a fraction of OFDM symbol length.

10
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the central user (shown with a dotted spectrum) is suffering from a frequency offset,
which causes a loss of orthogonality with the other users. This results in a loss of
energy on the desired subcarrier (given by the central circle), and multiple access
interference on adjacent users, as shown in one example by the cross marker on the
plot. Unless oscillators can be assumed to be perfectly matched and nodes stationary
(thus producing no Doppler shift), thisis an unavoidable occurrence, and must be dealt
with in either the receiver or in the transmitter, as reviewed in Section 3.4. Correction
of the frequency offset can however be dealt with in the transmitter by compensating
for the offset when digitally modulating onto the desired subcarrier.

Figure 4.2 presented the proposed system as a two-stage carrier modulation. Firstly
the user’s modulated symbols are digitally mixed onto the allocated subcarrier
frequency, before the signal is digital to analogue converted and mixed onto an
analogue RF carrier. Theflexibility of the digital mixing stage allows frequency offset
compensation to be elegantly combined with the subcarrier frequency generation.

Let f,,, be the subcarrier frequency allocated to a single user, and f, be the
network-wide carrier frequency, as transmitted by the receiver. The transmitting user
has an offset (including oscillator error and Doppler shift) with respect to the receiver

of Af and therefore transmits;

Normalised received power

-4 -3 -2 -1 0 1 2 3 4
Frequency, normalised to subcarrier separation

Figure: 4.5: Frequency spectrum showing a single user (dotted line) with an offset of 30% of the
subcarrier spacing.
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x(t) = Refs(tyd ™= 404 (4.4)

where s(t) isthe baseband signal,

s(t) = c(t)e ™! (4.5)

and c(t) isasequence of complex data symbols.
At the receiver the oscillator runs at target frequency f_, giving a downmixed
baseband signal (after filtering) for input to the FFT of:

j2nf.t

r(t)y = x(ve

_ (4.6)
— S(t)ejZTcAft

The correct transmitted baseband signal s(t) is therefore shifted in the frequency
domain by the offset, causing the aforementioned interference and associated
performance loss. By making an estimate Af of the frequency offset Af on reception
of the polling signal, the transmitter can adjust its subcarrier frequency to compensate
as shown in Figure 4.6.

Thus the received baseband signal becomes:

X (1) = Re{s' (™40 4.7)

where the transmitted baseband signal was

A Subcarrier frequency
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g Q? adjusted to cf;)mpensate for Compensated RF signal with
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Figure: 4.6: Spectra representation of complex offset correction.
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j2m(fy,, — ANt

s'(t) = c(t)e (4.8
and Af isthe estimated compensation frequency, ideally
Af = Af (4.9
giving
Pt = x (™
_ C(t)ejZn(fsub—Af+Af)t (4.10

= s(t)
The transmitted baseband signal can, in theideal case where Af = Af, be perfectly

recovered in the presence of frequency offsets by compensating for the offset in the
transmitter.

4.3 Source of the Frequency Offset

Thetotal frequency offset between a transmitting node and the receiver is made up

of two components, and is defined as:

Af = Af_+ Afg(t) (4.11)

where Af isthefixed carrier frequency offset component, and Afy(t) isthe Doppler

offset component, which may change with time, and is defined as [58]:
f
Afp(t) = ECV(t) (4.12)

where V(t) is the relative velocity between a transmitting node and the receiver
(positive when the distance between them is reducing).

The carrier frequency offset results from the difference between the transmitter and
receiver oscillator frequencies, and isthusdirectly related to errorsin carrier frequency

generation. Traditionally, carrier signals are generated using a frequency synthesiser
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circuit [19], as shown in Figure 4.7. A phase locked loop (PLL) structure alows the
generation of frequencies at integer multiples of a reference frequency, commonly
generated by acrystal oscillator. In essence, the circuit works by attempting to lock the
divided output frequency to the frequency reference, thus producing an output
frequency at a multiple of the reference. Asthe carrier is generated directly from the
crystal, the tolerance of the carrier is the same as the crystal tolerance. Crystd
tolerances are generally expressed in parts per million (ppm).

The main disadvantages of the use of a frequency synthesis circuit in carrier
generation are high phase noise, high power and a long start-up time. A simple, low-
power solution is to use a free-running LC oscillator without a frequency reference,
however the low centre frequency accuracy and high phase noise of such asolutionis
prohibitive for usein a system that requires arelatively accurate carrier signal. Recent
advancesin Thin-Film Bulk Acoustic Wave Resonators (FBARS) are producing a new
category of oscillator that promises a low-power and accurate RF source [12,44].
Fabrication tolerances are currently around 500ppm, however, as shown in [44] the

centre frequency can be accurately calibrated using small tuneable capacitors.

The Doppler Component

The Doppler component is included in the frequency offset estimate made by the
node on reception of the polling signal. However, if the velocity changes over the

period of the communication exchange, aresidua frequency offset due to the Doppler

crystal

fref Phase Voltage fC

— > C — Loop Filter ———®{ Controlled >
omparator Oscillator

+N -t

Figure: 4.7: Frequency Synthesis Circuit.
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component isunavoidable. It is desirable to minimise the influence of the unavoidable,

residual Doppler frequency offset, thus:

LUNSS e (4.13)

dt

i.e. the change in Doppler offset over the period of the communication exchange,

QAfDTexCh , must be small compared to the subcarrier spacing. Thiscondition canaso

dt
be expressed as:

dv fsubc
== (4.14)
dt chexch

giving alimit on the possible rate of change of relative velocity (acceleration) of the
node to the receiver. This result is analysed with respect to the Orient-2 system in
Section 4.4.3.

The frequency estimation technique must be chosen carefully in order to satisfy the
trade-off between the limitations of the low-power, low-complexity nodes, and the
required frequency estimate accuracy for satisfactory performance. Frequency
estimate accuracy requirements, along with the choice of frequency estimation
algorithm and associated design issues, are investigated in Chapter 5.

4.4 Application of the Protocol to the Orient-2 System

In this section the protocol is considered explicitly with regard to its use within the
Orient-2 system. The magnitude of the time and frequency offsets that are experienced
in such a network are used to place limits on the size and mobility of the network.
System parameters such as desired data and error rates are defined and used to specify

parameters such as the required subcarrier spacing.

4.4.1 Performance Requirementsand Subcarrier Spacing

The subcarrier spacing determines the available bandwidth per user and thus the
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maximum possible bit rate, depending on the modulation format. Each user transmits
one data symbol per OFDM symbol, where the period of the OFDM symbol T is the
inverse of the subcarrier spacing f ,,. The bit rate per user can therefore be found from

the following relationship:
R, = Mfgy (4.15)

where M isthe modulation order (M = 1 for BPSK or DBPSK, M = 2 for QPSK or
DQPSK). The Orient-2 system currently has a required data rate of approximately
4kbps, and therefore henceforth in thiswork asubcarrier spacing of 10kHz isassumed,
giving a maximum bit rate of 10kbps for M = 1 and 20kbps for M = 2. Both
maximum achievable bit rates give a reasonable overhead for any desired increase in
data rate.

As explained in Chapter 3 a quasi-synchronous system is achievable when the
cyclic prefix islonger than the maximum possible time offset present at the receiver,
whichiseasily achieved in many sensor networks where transmission ranges are often
small. In such cases there is a rotation of the constellation, which can either be
corrected in the receiver for each user, or differential modulation can be used at the
expense of a performance loss (see Section 3.4.5). For the Orient-2 system it is
considered more important to minimise the complexity in the receiving node thus
henceforth in this thesis a quasi-synchronous network with the use of DQPSK is
assumed, giving a maximum bit rate of 20kbps.

A target BER of 10* and a packet length of 256 bits are assumed for the following
analysis in this thesis. The BER can be related to Packet Error Rate (PER) by the
following relationship:

PER = 1—(1-BER)"® (4.16)
where N, is the number of bits in the packet. A PER of approximately 2.5% is
achieved with these parameters. This figure can be improved if necessary through the
use of error coding, or by decreasing the packet length. Given the bit rate of 20kbps,

the 256 bit packet allows for an update rate per user of around 78Hz (assuming asingle
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update per packet).

4.4.2 Network SzeLimitations Dueto Time Offsets

Figure 4.8 shows a smple 2D network topology for an Orient-2 system which
allowsworst-case time offsets to be defined. The maximum possible distance of anode
to the body centre can be imagined as a sphere surrounding the body, represented by
the dotted circle. The worst case situation (in terms of time offsets between nodes) is
when two nodes are situated diametrically opposite each other in a straight line path
from the receiver. In this case the difference in propagation distance between the two
nodes is the diameter of the sphere, d. The receiver is situated at an arbitrary distance
from the Orient-2 network, and the maximum offset seen by the receiver corresponds

to twice the diameter of the circle:

2d
T = 22 (4.17)
d
4Tt T T T T =
L :
| N |
i i
a ® e
i e l
e
‘ ......................... 6 —————— Receiver
................... 5)

Figure: 4.8: Example Orient-2 network showing maximum node separation d.
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Assuming the maximum required data rate to be 20kbps and DQPSK modulation,
the required symbol period is 100us. In order to keep the offset below 0.1% of the
symbol period, giving a reasonable size of cyclic prefix of minimum size 0.1% of the

symbol period, the maximum offset must be:

T = %% = 100ns (4.18)

giving a maximum diameter, corresponding to a maximum node separation, of d =
15m. This is more than sufficient for a single body network, however it places

limitationson the areathat can be covered by amultiple body network for thisdatarate.

4.4.3 Network Mobility Limitations Due to Frequency Offsets

The radio transceiver used in an Orient-2 node, the Texas Instruments (formerly
Chipcon) CC1100, generatesits RF carrier signal by frequency synthesis, and as such
has a tolerance of 40ppm [85]. At the maximum possible RF frequency of around
900MHz, in the current system the maximum carrier frequency offset, Af_, between
two usersis approximately 70kHz. In this research a significant overhead is added to
this figure, and the maximum offset is assumed to be 200kHz, alowing for a 40ppm
oscillator at 2.4GHz, or perhaps a cheap, inaccurate oscillator at lower frequency.

In order to keep the residual Doppler component of the frequency offset as small as
possible, as shown previoudy, the following inequality must be satisfied,

dv fsubC

T i (4.19)

exch

Assuming anodeto receiver distance of 10m, a 32 byte packet at 20kbps, a processing
time of twice the packet length and a maximum offset of 1% of the subcarrier spacing
(see Chapter 5 for further investigation of practical offset values), the maximum
allowed acceleration is more than 250ms2. This translates to a maximum change in
velocity of more than 25ms-1 over the period of a communication exchange, whichis

more than sufficient. For example, studies on karate experts have shown peak hand



CHAPTER 4 - An OFDM A-Based Data Extraction Protocol 82

accelerations of about 35ms™ [64].

The residual Doppler component can therefore be considered negligible, and the
OFDMA dataextraction system is possible for the Orient-2 network assuming accurate
correction of frequency offsets of the order of 100kHz, using the current radio
specifications. Any implementation of the Orient-2 system using an OFDMA data
extraction protocol would, however, need to use adifferent radio front-end, which may
have different characteristics, therefore a maximum frequency offset of 200kHz is

considered.

4.4.4 Wake-up Technique and Subcarrier Allocation

Consideration must be given to the practicalities involved in such a protocol such
as subcarrier allocation. Each user must be assigned a distinct subcarrier from the set
of possible subcarrier frequencies. Perhaps the subcarriers could be allocated
intelligently in order to minimise interference between users, however in a dynamic
network such asthe Orient-2 this could involve asignificant overhead. In thisresearch
it isassumed that the allocation has already been achieved and is static, perhaps applied
during some start up phaseinitiated by the central receiver.

In order for nodesto conserve energy, it is desirable that they can move into asleep
mode when not transmitting. There are two optionsfor releasing anode from this sleep
state. Firstly it may have an ultralow-power secondary radio, which will detect when
the central nodeisinitiating adata extraction and wake the node up, or secondly it may
operate some duty-cycle, the benefits of which were covered in Chapter 2, waking
periodically to listen for a polling signa from the centra receiver. If the second
technique is used, the central recelver must be aware of the duty cycle and transmit
over asufficient length of time to wake all nodes up. Obviously, this approach has the

drawback of a significant overhead.
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Figure: 4.9: RF section model.

4.45 RF Transceiver and Baseband Equivalent Channel M odel

A simple block diagram of the RF section of a transmitter/receiver pair is assumed,
as shown in Figure 4.9. This model allows the whole link between transmitter and
receiver to be viewed as a baseband model, as it is assumed that the RF section
introduces only afrequency offset. The | and Q baseband signals are mixed onto an RF
carrier generated by a carrier generating circuit. Assuming the receiver carrier
frequency asreference, the transmitter circuit generatesacarrier at the target frequency
fc with some degree of error A; . In the receiver the received signal is mixed down
using a locally generated carrier signal at frequency f.. It is this difference between
transmitter and receiver carrier frequencies which producesthe carrier frequency offset
component of the considered frequency offset seen at the receiver.

Using the above model, the channel between the transmitter baseband output of user
u and the central receiver baseband input can be modelled as in Figure 4.10. The
transmitted baseband signal suffers from time and frequency offsets and path loss
effects, before the received signal isformed by superposition with other users and the

addition of noise. It is assumed that data rates and transmission distances are low
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enough to render multipath negligible [17].

OFFSETS

Time Frequency

e /__,v
A > De;lay @ .
@2t

Path Loss Other
ay users

Figure: 4.10: Complex baseband equivalent
channel model.

Path Loss

In the data extraction scenario discussed, users experience different path loss
attenuations according to the distance between the individual node and the receiver.
However, assuming the distance between the central receiver and the network islarge
compared to the node separation distances, that aline of sight path exists between each
node and the central receiver, and that antennas are ideal, the differences in path loss
attenuations will be small [59]. In addition, assuming that frequency offsets are
adequately managed, multiple user interference will be minimal, and path loss effects
will affect only the performance of the considered user. Without these assumptions
some form of power control would be required, which could be transmitted from the

receiver to the transmitting nodes within the polling signal.

4.5 Concluding Remarks

A receiver-initiated OFDMA data extraction protocol has been proposed, and its
limitations in terms of time and frequency offsets determined. Its application in the
Orient-2 system was shown, and an elegant, fully digital solution to frequency offset
correction was introduced.

Theissuesinvolved in the implementation of the protocol were then explored, with
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particular reference to the Orient-2 network. The performance requirements were
outlined, in the context of atarget BER and PER, and a typical subcarrier spacing for
the Orient-2 system was given. A baseband channel model was introduced, and it was
shown how DQPSK modulation can be used to solve the problem of carrier phase
offsets. Finally, the use of the cyclic prefix to mitigate the effect of time offsets
between users was explained, and guidelines were given on network size and mobility

limitations.



Chapter 5

Frequency Offset Analysisand Estimation

5.1 Introduction

The receiver-initiated OFDMA protocol for data extraction was introduced in
Chapter 4, and a method of correcting for a frequency offset in the transmitter was
proposed. In this chapter the performance loss in the Orient-2 system due to
inaccuraciesin frequency estimation and compensation is considered, highlighting the
crucial nature of accurate estimation of the frequency offset between a transmitting
node and the central receiver. Furthermore, two simple frequency estimation
algorithms are considered, with variance being used as a performance metric to make

arecommendation for a suitable estimator implementation.

5.2 Frequency Estimation and Synthesis Accuracy Requirements

The frequency offset was shown in Chapter 4 to originate from oscillator
inaccuracies and Doppler shifts due to node movement. Assuming that node movement
is slow enough to render residual Doppler effects negligible, as was investigated in
Section 4.3, it isassumed there is no residual frequency offset due to Doppler effects,
and the total residual offset becomes dependent solely on inaccuraciesin the frequency

offset estimate and in subcarrier synthesisin the transmitter.

86
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Af = pps* i Est (5.1)

where f. ;s istheresidual error in subcarrier frequency synthesis and f; gy isthe
residual error in frequency offset estimation.

Assuming the effect of time offsets to be negligible due to the use of a cyclic prefix
and differential modulation, the residual frequency offsets in the received signd
produce a performance loss for each user. Indeed, there is a trade-off between the
expense of accurate frequency estimation and synthesis and the performanceloss, with
associated increased transmission power requirement. As shown in the Monte Carlo
simulations of Figure 3.14, frequency offsets experienced by users causealossin BER
performance. The cumulative interference power from other users (as aresult of their
individual frequency offsets), and a decrease in power on the desired subcarrier due to
the frequency offset on that subcarrier, result in an increased transmit power being

required to achieve the same desired BER performance. The impact of the multiple
E,(Af)

N, + | ,(Af)’
the reduced energy per bit (reduced dueto afrequency offset onothe (c)iesi red subcarrier),

user interference can be highlighted by considering theratio where E_b is
and |, istheinterference power spectral density, given by,

P, (Af)

W (5.2)

lo(Af) =

where P, istheinterference power and W, isthe bandwidth of theinterference (in this
case the subcarrier spacing, 1/T). E_b and |, are both dependent on the frequency
offsets present in the system, and for a zero frequency offset 1,(0) = 0 and
E,(0) = E,. Thereforein theideal case,

E, (Af E
5@ 5 (5.3)
N+ Io(AF) — Ny
and we achieve the theoretical BER curve, as given by (3.19) for DQPSK.
The Monte Carlo simulation assumed a worst case frequency offset scenario.
However, as explained above, in reality the frequency offset for a single user is a

function of the accuracy of frequency estimation and synthesis. As shall be seen in
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Section 5.3 afrequency estimator is assumed to produce a zero-mean estimate with a
given variance. The frequency offset of a user using this estimator will therefore
possess the same variance and have mean f, pps.

The BER performance for a user can be evaluated using the theoretical formula of
(3.19), provided the total interference from other users is Gaussian. The statistical
characteristics of the contribution from interfering users are investigated in the

following section.

5.2.1 Investigation of | nterference from Multiple Users

Assuming the receiver samples the received signal at a critical sampling rate (i.e.
fo = Nfg,, ) where N isthe FFT length and N, < N) the contribution to the decision
variable for symbol i on subcarrier m from subcarrier k will be:
N-1 f
1 j2n(k—m+ Af )n/N
er(n,i = ch,ize ‘ (5.4)
n=0

where Af, isthefrequency offset on subcarrier k. For asingle subcarrier mthe decision

S

variableisacombination of the desired component, D, ;, plusinterference from other

subcarriers, D'm, i l.e

S I
Dm,i = Dm,l + Dm,i (5-5)
where
S
Dmi = Ym.i (5.6)
and
N,
I
D i = ZYIr(nl (5.7)
k=1
k=m

where N,, isthetota number of usersinthe system, and the D.C. subcarrier is assumed
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Figure: 5.1: PDFsof thereal and imaginary parts of the ICI caused by frequency offsets
on other users at different subcarrier separations, Y,,.

to be unused.

The Probability Density Functions (PDFs) of the real and imaginary parts of Y':n’i
for N, = 15 and QPSK modulated symbols are shown in Figure 5.1 for different
subcarrier separations |k—m|, and offsets taken from a zero-mean Gaussian
distribution with variance cif = 0.0001 (corresponding to a standard deviation o ,;
of 100Hz for a subcarrier separation of 10kHz, ideal subcarrier synthesisis assumed).

The PDFs of the interference are obvioudy not Gaussian, however we areinterested in

the sum of the contributions D'm’ i» Which the Central Limit Theorem sayswill tend to
a Gaussian distribution as N, — <. The PDFs of the real and imaginary parts of the
total interference is the convolution of the individual contributions and is shown in
Figure 5.2 along with a Gaussian distribution of equal power. It can be seen that the

total interference is approximately Gaussian.
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Figure: 5.2: PDFs of therea and imaginary parts of the total interference on a single subcarrier
due to Gaussian frequency offsets on other subcarriers, D'm i . The PDFsare
approximately Gaussian.

The expected total interference power from multiple users due to a given variance
of frequency offset can be calculated by Monte Carlo simulation. The interference
power on a single subcarrier among 15 usersis shown in Figure 5.3 for varying offset
variances. Finding an accurate curve fit allows the interference power to be calcul ated
without performing a Monte Carlo simulation for every offset variance. The expected

interference power can be approximated by the following simple, linear relationship®.
P,(Af) = 3.17304; + 0.0002815 (5.8)

where cif is the variance of the frequency offset. This relationship is depicted in

Figure 5.3. This approximation is evaluated for the very small variance values shown

1. Cdculated using The Mathworks MATLAB curve fitting toolbox [86]



CHAPTER 5 - Frequency Offset Analysis and Estimation 91

g » 0.04 - -
522 Simulation
% 8 0.03} e Approximation
£5
7]
‘g . 0.02t
o=
£ 9 0.01}
%5
O &
'_

0 1 1 1 1 1
0 0.002 0.004  0.006 0.008 0.01 0.012

2
Ot

Figure: 5.3: Expected interference power, calculated by both Monte Carlo simulation
and by approximation, on asingle user for different offset variances.

as the estimator will need to operate at similar values for adequate BER performance,
as will be shown in subsequent sections. As seen in Chapter 3, interference is most
significant from users which are spectrally close to the user of interest, and becomes
lesssignificant asthe interferer becomes more distant. Asaresult, thetotal interference
power does not change significantly as the number of usersincreases, and in fact the
relationship given in (5.8) can be used for any number of users above approximately
16, as can be seen in Figure 5.4 for aselection of offset variances. Figure 5.4 showsthe
total interference power calculated by Monte Carle simulation on a single user in
systems containing different numbers of users. Each interferer has an offset taken from

aGaussi an distribution with the shown variance. Thefigure showsthat theinterference
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Figure: 5.4: Total interference power from other users does not increase significantly
with the number of usersfor N, greater than approximately 16.
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Figure: 5.5: Expected BER curves for a single user among 16 with offsets from a
distribution with variance Gif .

power doesn’t increase as the numbers of users rises above 16. This is an important
result as it means that the analysis carried out in this thesis can be readily applied to
future Orient systems. The long term goal of the Speckled Computing project is to
involve a large number of nodes, and future implementations of the Orient-2 system
will involve a much greater number of sensors. Increasing the number of usersin the
system above the current figure of 15 will not degrade the performance seen by asingle
user.

Figure 5.5 shows the expected BER performance on a single user among 15 for a
set of offset variances. As expected, the larger the variance of the offset, the worse the
BER performance. The degradationin E, /N, inthe presence of frequency offsets can
be seen by analysing more closely the BER curves, as shown in Figure 5.6. Assuming
adesired BER of 10", which hasarequired E, /N, of 10.8dB, frequency offsets with
variance 0.001 resultinadropin E, /N, of 0.37dB, whilethe dropis 2.24dB at offsets
with variance 0.005, as summarised in Table 2.

Residual frequency offsets must therefore be minimised to avoid the need to
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Figure: 5.6: BER performance around 10 for varying offsets from a distribution with
variance cif .
increase transmit power to achieve the same BER. Frequency offsets are minimised by
synthesising more accurate subcarrier frequencies, and estimating the carrier and
Doppler frequency offsets accurately in each node. The performance curves with
respect to frequency offsets therefore give a target variance for frequency offset
estimation.

Offset Vzariance E,/N, Degradation
Oaf (dB)
0.001 0.37
0.0025 0.99
0.005 2.24
0.0075 3.95

Table 2: Summary of E,/N, degradation for atgrget BER of 10 given frequency offset variance
Gaf-
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5.2.2 Target Frequency Estimate Variance

The offset variance must be trandated into a variance that can be applied to the
frequency estimate. In the central node the offset variance is relative to the subcarrier
spacing f,, , whilein each node the estimate variance is afunction of the sampling rate
used to generate the estimate, f_. The two variances can be related as follows;

2 fsup)2 2
Oogy = (Sf—”b) Oxf- (5.9)
S

5.3 Frequency Estimation

In the previous section it was shown that the interference on a single user from a
number of other usersis Gaussian, and as such expected BER curves for given offset
variances can be calculated from theoretical models. For a given desired BER of 10,
the E, /N, degradations resulting from arange of estimate variances were cal culated,
the importance of accurate frequency estimation therefore being made clear. A choice
of suitable frequency estimation algorithm will now be investigated.

In this research only the estimation of the frequency offset is considered. In certain
cases, full packets would need to be received by the nodes, and thus phase and frame
synchronisation would also be required. For example to communicate control
information such as subcarrier alocations. In this work, however, it is the uplink
communication for data extraction that is of interest, so estimation of the frequency
offset is considered sufficient. On reception of the polling signal from the centra
receiver to the network, each node must estimate its frequency offset in order to
minimise interference between users on the uplink transmission. In order to achieve
minimum complexity in each node the central node is assumed to transmit a burst of
unmodulated carrier wave, which results in a problem of frequency estimation of an
unmodulated sinusoid. Many frequency estimators generate an estimate through

analysisof sample correlations, see[45] and referencestherein. Two efficient and low-
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complexity frequency estimation agorithms are the Meyr [37] and Kay [29]
estimators, which are based on estimating the phase difference between pairs of
samples. In [2] both estimators are compared for performance and power consumption
for avariety of different estimator parameters and the Kay estimator isfound to be the
most suitable for the particular requirements defined for that research, i.e. with the
lowest energy cost. In this work an estimator must be selected with the goal of
achieving asufficiently accurate estimate to minimiseinterferenceinthe OFDMA data
extraction system.

Assuming, as explained previously, that the central receiver sends a burst of
unmodulated quadrature carrier wave, the sampled, received baseband signal is

j T,
o= Merw (5.10)

where Ao = 2nAf isthe carrier frequency offset, T isthe sampling period and w,
is complex, white Gaussian noise. To illustrate the function of the estimators consider
a simple example involving only two samples of the received signal, where the noise
isassumedto be O, w, = O.

jAo(n—-1)T,
5

rn -1
511
jAonT, ( )

r,=e

Both estimators operate on the phase difference between a pair of samples, which is
proportional to the frequency of the sinusoid.
® = Lr,—4Lr,_1 = AonT—Ao(n-1)Tg

(5.12)
= 2rAfT,

The frequency offset, normalised to the sampling period T, ®, can then be used for
whatever function needed, or an absolute frequency offset value can be found by
dividing by 2nT,.

To provide robustness in the presence of noise, the phase difference between pairs
of samplesisaveraged over L pairs, giving an estimator “length” of L. The estimators

for the normalised frequency offset é = AT, are:
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1. Kay Estimator

L-1
Q = anarg{rnr*n_l} . (5.13)
n=1
2. Meyr Estimator
A L-1
Q, = ag anrnr*n_l : (5.14)
n=1
where
b, = Fﬂ%). (5.15)
L(L"-1)

Both estimators have alimited estimation range

Qf < (5.16)
i.e.
fS
IAfl < 2. (5.17)
2
Theweighting function asgivenin (5.15) can be changed to an unweighted average,
i.e. b, = ﬁ giving a reduction in required hardware at the expense of some

performance . Additionally, the variance of the estimators can be improved by afactor
D at the expense of an equivalent loss of range by examining the phase difference
between samples with alag of D samples. |.e. the product rr*,_p isused instead of

rF*n_1, and the range becomes |Q] < % .

5.4 Choosing an Estimator

Parameters are chosen to implement estimators for the Orient-2 network, as
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summarised in Table 3. Asthe central receiver isassumed to possess unlimited energy,
it is not limited in terms of transmit power, and thus the SNR at each node can be
assumed to be flexible. For completeness two significantly different SNRs are
analysed to cover awide range, 12dB and 20dB. The maximum frequency offset to be
estimated is assumed to be 200kHz, which allows for a 40ppm oscillator accuracy at a
carrier frequency of 2.4GHz. Using a lower carrier frequency (as is the case in the
current Orient-2 radio) would allow for less accurate oscillators to be used with the
same estimator. The value of the maximum frequency allows D = {1, 2} to be used.

A target offset varianceischosento give an E, /N, degradation of approximately 1dB.

Parameter Symbol Unit Value
Maximum frequency offset Afax kHz 200
Desired bit error rate BER - 104
Signal to noiseratio at node SNR daB 12,20
Sampling frequency fe MHz 1
Subcarrier spacing feub kHz 10
Number of users/nodes N, - 15
Target offset variance s - 25% 103
E,/N, degradation - dB 0.99
Target estimate variance ooy - 25x107

Table 3: Orient-2 data extraction system parameters

Using the above parameters with (5.9) gives a target offset standard deviation of

500Hz and atarget estimate variance of

Ogst =

2 _(fs_ubZZ
f

S

Oaf =

25%10".

(5.18)
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Figure: 5.7: Kay and Meyr weighted and unweighted estimator performances at 12dB and
20dB SNR.

The performances of the various estimators for the given parameters are shown in
Figure 5.7. With an SNR of 12dB at the node, the only suitable estimator which can
achieve the required variance with the parameters set out in Table 3 with reasonable
length is the Kay weighted estimator. If the central receiver increases its transmit
power until the SNR at the node is 20dB, different combinations of estimator
algorithm, L and D can be used. All feasible estimators are summarised in Table 4,
along with their respective variances.

The fact that the Kay agorithm is, of the estimators analysed, the only suitable
estimator ina12dB SNR environment, in addition to thefindingsin [2] (wherethe Kay
estimator is found to be the most energy efficient), makes it a good selection as a
suitable estimator for all round performance. If desired, and if the SNR at the node can
be assumed to be at least 20dB, then the estimator can be reduced from a minimum
length of 118 to only 64 samples.
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SNR(dB) Estimator L D Variance
12 Kay weighted 118 1 245%x 107"
20 Kay weighted 64 1 245% 107"
20 Kay unweighted 203 1 241x 107
20 Kay unweighted 146 2 242 %10
20 Meyr weighted 92 2 246 %107
20 Meyr unweighted 172 2 2.46 % 107

Table 4: Possible estimator implementations

5.5 Concluding Remarks

In this chapter the frequency offset estimation requirements for the data extraction
protocol for the Orient-2 system have been investigated. The size of the frequency
offset on a single user signal arriving at the receiver (neglecting Doppler offset)
depends on the accuracy of frequency estimation and subcarrier synthesis in the
transmitting node. Considering, in isolation, the frequency offset due to inaccurate
frequency offset estimation, it has been shown that the interference on asingle user due
to offsets on other users is Gaussian, and that it can be modelled using a smple
equation dependent only on the variance of the frequency offset affecting each
interfering user. In addition, it has been shown that the interference power does not
greatly increase if the number of users in the Orient-2 system increases above the
fifteen currently operating. This allows the resultsin this thesis to be applied to future
Orient systems with greater numbers of nodes.

The interference results were then used to select a suitable frequency estimation
algorithm. A Kay estimator of length 118 samples can be recommended as it provides

sufficient accuracy to meet the desired BER degradation limit over a wide range of
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SNRs. If the central receiver increasesits transmit power the Kay estimator length can
be significantly reduced, or a Meyr estimator can be used. The Meyr estimator,
however, requiresin all cases a much greater number of samples to achieve the same

accuracy.



Chapter 6

Transmitter Implementation and Perfor mance

6.1 Introduction

Thereceiver-initiated OFDMA data extraction protocol for the Orient-2 system was
introduced in Chapter 4, and node implementation was briefly considered. The
implementation of the frequency offset estimation was investigated in Chapter 5. In
this chapter, the generation and transmission of the uplink signal is considered and the
minimum complexity transmitter is found which satisfies the performance
requirements of the Orient-2 system.

Firstly, atransmitter architecture is introduced in further detail, and the generation
and modulation of subcarrier signalsisconsidered. The subcarrier signa issynthesised
using Direct Digital Synthesis, which introduces various unwanted artefacts into the
transmitted signal, degrading performance. Thereisatrade-off between the costs of the
subcarrier synthesis architecture and the errorsintroduced by achieving the generation
as simply as possible. The performance degradation as a result of minimised hardware
cost is therefore investigated in order to make a recommendation for a minimum

complexity node transmitter implementation.

101
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Figure: 6.1: Block diagram of individual node transmitter.

6.2 Transmitter Architecture

Figure 6.1 presents the proposed node transmitter architecture. Binary data is
baseband modulated and presented to the subcarrier modulation section, inside the
dotted box. Within this section the modulated symbols are mixed onto the desired
subcarrier frequency, a cyclic prefix is attached, and the signal is digital-to-analogue
converted, mixed onto the RF carrier and transmitted via the antenna. This chapter
investigates the implementation of the subcarrier modulation section and its effect on
system performance.

The subcarrier modulation section essentially performs two main functions,
subcarrier synthesis and then subsequent modul ation of the generated sinusoidal signal
with the baseband data symbols. The effect of the DACs is not considered, i.e. it is
assumed that they posses suitable Nyquist filters and introduce no significant

degradation to the transmitted signal other than that caused by amplitude quantisation.

6.3 Subcarrier Generation

A subcarrier signal (real or complex depending on the baseband modulation) must
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be produced at the node’s desired subcarrier frequency, which is assumed to be
frequency offset compensated. The signal must be generated as efficiently as possible
while satisfying resolution and range requirements. The resolution of the generated
sinusoids must be fine enough to select the desired subcarrier frequency with sufficient
accuracy. An error in subcarrier frequency will be seen by the receiver as afrequency
offset, with associated performance loss, as seen in Chapter 3. In addition, the
frequency range of the generation hardware must be sufficient to cover al possible
subcarrier requirements that the Orient system may produce.

There are severa ways of digitally generating sinusoidal signals [51], the most
popular being a structure consisting of a phase accumulator and phase-to-amplitude
mapper, as shown in Figure 6.2. This structure is known as a Numerically Controlled
Oscillator (NCO) or Direct Digital Synthesiser (DDYS).

The phase to sine amplitude mapping block can beimplemented in several different
ways, [65], with the most common being a sine look-up table (LUT) addressed by the
output of the phase accumulator [43,63].

Phase Accumulator

Sinusoidal
Output

Phase
Step Size

Phase
Register

> Amplitude ——»
Mapping

|
|
|
|
|
|
|
|
: Phase to Sine
|
|
|
|
|
|
|

Figure: 6.2: Basic DDS architecture.

6.3.1 Direct Digital Synthesisby Phase Accumulator and Sine LUT

A more detailed model of thesine LUT-based DDS structureisshownin Figure 6.3.

The phase accumulator uses overflow accumulation to model the periodic nature of the
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Figure: 6.3: Sine LUT-based DDS showing wordlengths.

sinusoid. The output frequency, f,, of the DDS is governed by the phase accumulator
step size, u, which isof fixed point format with ninteger bitsand b fractional bits, and
the size of the LUT, which is 2". The output frequency is given by the following
relationship:

f
fo = S (6.1)

where fqyy is the clock frequency, or sampling rate, of the phase accumulator. The
frequency resolution of the DDS is given by the minimum synthesisable frequency,

which is produced when the step size is minimum, i.e.

T - T TP 1 (6.2)

f 1k
fo< 5t (6.3)

and the sine LUT amplitude values are quantised to L bits.

There are two places in the architecture which introduce distortion to the sinusoidal
output. Firstly the phase accumulator output of n integer and b fractional bits is
truncated to n bits to form the LUT address. Using fractional bits in the accumulator

allows for a finer frequency resolution, at the expense of inaccuracies in the output
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waveform. The second source of error in the output is from the quantisation of the sine
LUT entries. These errors will introduce a performance degradation on the OFDMA
system, and so there isatrade-off with hardware complexity. In the following sections
these issues are investigated to find the minimum complexity transmitter

implementation while satisfying the Orient-2 system requirements.

6.4 Operation of the DDS

The operation of the DD S can be described using the phase wheel in Figure 6.4. The
phase wheel shownisforasmplecase, n = 4, corresponding to al6-entry sine LUT,
and as such there are 16 possible phase points on the wheel. Each point correspondsto
a certain amplitude of the sine wave, as can be seen on the amplitude axis. Starting at
the zero point, the phase moves round the wheel in increments of the step size, i, and
at each increment the phase is truncated to the previous phase wheel point, which in
the example shown corresponds to the integer part of . One complete circuit of the
circle corresponds to one period of the sine wave, and thus it can be intuitively seen

that the frequency of the output sine wave may be varied by altering the step size. A
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Figure: 6.4: Phase accumulator phase wheel for a 16 entry LUT.
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larger step sizeresultsin afull circle being completed more quickly, and thus a shorter
sine wave period. A cosine wave can be synthesised by rotating the phase wheel by
n/2. At each truncation there is an error introduced into the phase of the wave, and it
is this error which causes distortion in the output waveform, in addition to the

guantisation of the sine LUT values.

6.4.1 Spectral Distortion Dueto Phase Truncation

In order to achievefine resolution, alarge accumul ator wordlength may be required.
Using this whole word to address the LUT could result in alarge amount of required
storage. For example a 16 bit word would require a 218 entry LUT, which may not be
desirable, particularly in an energy constrained node. The accumulator value is
therefore truncated to form the LUT address. This alows for a smaller LUT, at the
expense of an error in the phase which resultsin distortion of the output waveform. An
in-depth analysis of these errorsis beyond the scope of thisthes's, however it istreated
in some detail in [43]. The phase error introduced by each truncation is equal to the
fractiona part of the phase accumulation word, i.e. b bits. The cyclical nature of the
accumulation means that after some time the error signal will start to repeat.

The periodic nature of the errors results in the appearance of line spectra (spurs) in
the spectrum of the output. The magnitude and position of these spurs is dependent on
the accumulator wordlength, n + b, the LUT address size, n, and the step size, u, asit
is these parameters which will determine the cyclica nature of the error. The
involvement of the step size in the definition of the spurs means that for every desired
frequency a different set of spurs exists. Figure 6.5 shows the spectrums for two
different synthesised sine waves at 20kHz and 40kHz. A DDSwithn =5, b = 7 and
a 100kHz clock source was used to generate the waveforms. In order for amplitude
guantisation effects to be considered negligible the sine wave valuesin the LUT were
quantised with 32 bits resolution. The figure clearly shows the spurs created by

periodic nature of the phase truncation errors.
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Figure: 6.5: Spectral spursas aresult of phase truncationin aDDS.

6.4.2 Spectral Distortion Dueto Amplitude Quantisation

The values of the sinusoidal LUT entries must be quantised for storage. Assuming
asmple 3-bit midriser quantiser, [58], as shown in Figure 6.6, the quantisation process
introduces an error into the output waveform as shown in Figure 6.7. The error can also
be seen on the quantiser characteristic figure, where the error for each sample is the
difference between the ideal, dotted line quantiser, and the non-ideal, staircase

guantiser. Much like the phase truncation error, the quantisation error of a sinusoid is

_— | ot

Figure: 6.6: Midriser quantisation characteristic.
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Figure: 6.7: Sine wave quantised with 3 bits resolution.

periodic, and results in spurs appearing in the quantised signal spectrum, as shown in
Figure 6.8 for two very different quantisers. The figure shows a 24kHz sinusoid
sampled at 100kHz and amplitude quantised with 3 and 16 bits resolution. The
improvement obtained by increasing the number of bits used for quantisation isclearly
noticeable. The Signal to Quantisation Noise Ratio (SQNR) for a sinusoid quantised
over the full range of amidtread quantiser can be determined directly by the following
eguation [58]:

Normalised Magnitude (dB)

0 10 20 30 40 50
Frequency (kHz)

-80 : :

Figure: 6.8: Spectrum of an amplitude quantised sine wave showing spurs.
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SONR = 1.76 + 6.02dB. (6.4)

Thus the SONR of a quantised sinusoid is improved by around 6dB for every bit of
resolution in the quantiser, and gives agood indicator of the quality of the synthesised
signal. However, in the OFDMA system, the location of the spurs relative to other

usersis of most interest when analysing multiuser interference.

6.4.3 Implicationsfor the OFDMA System

The effect of the DDS-generated subcarrier signals on the performance of the
OFDMA data extraction system has two components. Firstly, the frequency resolution
limitation of the DDS will result in a fixed offset on each user, which must be
minimised in order to avoid significant performance degradation. Secondly, the spurs
caused by amplitude and phase quantisation causes interference among users (as the
data symbols are modulated by each spur, in addition to the desired subcarrier
frequency). Both effects reduce performance, and as a result there is a trade-off

between performance and implementation cost.

6.4.4 Reducing the M agnitude of the Spurs

As shown above, the spurs result from the periodic nature of the amplitude and
phase quantisation errors. To reduce their impact, dithering can be used to break up the
periodic nature of the quantisation errors and reduce the amplitude of the spurs, at the
expense of araised noisefloor [20]. Figure 6.9 shows the same system asin Figure 6.5,
but with dithering applied before phase truncation. The dithering applied is +27° Itis
noticeabl e that the magnitude of the highest spurs are significantly reduced and that the

noise floor is higher.

6.4.5 Generating I n-Phase and Quadrature Components

In order to synthesise a quadrature subcarrier signal, both a cosine and a sine wave
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Figure: 6.9: Spectral spurs can be used by dithering before phase truncation at the expense
of araised noise floor.

must be generated. This results in the need for a double LUT architecture, with one
containing sine entries, and the other cosine entries. The same accumulator address is
input to both LUTS.

6.5 Subcarrier Frequency

As stated in Section 4.4.4, it is assumed that each user has been assigned a distinct
subcarrier frequency. The transmit frequency must then be adjusted to include the
frequency offset, as calculated during the offset estimation stage. Any resulting
negative frequency can be implemented by negating the quadrature channel, or by

running the accumulator with anegative step size if the chosen implementation allows.

6.6 Subcarrier Modulation Architecture

The data symbols belonging to each user must differentially phase modulate the
synthesised subcarrier. Data bits are Gray coded onto a QPSK constellation as shown
in Figure 6.10, the symbols are differentially encoded, and then mapped onto a
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Figure: 6.10: Gray coded constellation for DQPSK symboals.

subcarrier. Table 5 shows the combinations of cosine and sine components that are
required to generate the in-phase and quadrature channels of a subcarrier for a given
symbol.

Using the combinations shown in Table 5, an efficient multiplexing architecture can
be utilised as shown in Figure 6.11. The outputs of the sine and cosine LUTSs can be

negated as necessary and directly fed into the multiplexers.

Symbol Re;g;neqfaﬁion In-Phase Quadrature
0 1 cos sin
1 i -sin cos
2 -1 -COS -sin
3 -i sn -COS

Table 5: Combinations of sine and cosine components to produce a modulated subcarrier
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Symbol Symbol
cos —» 0 sin —» 0
-sin —» 1 cos —» 1
In-Phase , Quadrature
-COS ——» 2 -Ss;In ———» 2
sin ——» 3 -cOS —» 3

Figure: 6.11: Simple multiplexing architecture for modulation of the subcarrier.

6.7 Cyclic Prefix

Toinsert acyclic prefix, a number of samples are copied from the end of a symbol
and attached as a prefix to the same symbol. As seen in Chapter 4, the cyclic prefix
should be chosen to provide alength of longer than the maximum possible time of fset
between users, which is a function of the network size. The subcarrier generation
sampling frequency should be chosen as an integer multiple of the subcarrier spacing
to facilitate this process. This generates an integer number of samples per OFDM
symbol, and makes the extraction and addition of the cyclic prefix straighforward.

Parameter Symbol Unit Value
Maximum frequency offset Afax kHz 200
Desired bit error rate BER - 104
DS dlock reuensy | (e | Mz :
Subcarrier spacing feub kHz 10
Number of userg/nodes N, - 15

Table 6: Orient-2 data extraction system parameters
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6.8 DDSImplementation

As seen above, there are many factors involved in the implementation of the
subcarrier synthesis which will affect the performance of the OFDMA data extraction
system. Phase accumulator wordlength, LUT size, amplitude quantisation and
dithering will all result in different BER performances. Allowing for the almost 1dB
degradation due to the frequency estimation inaccuracy, the DDS must be
implemented as cheaply as possible while targeting minimal further performance loss.
In this section DDS implementation for a node transmitter in the Orient-2 network is
investigated with the goal of minimising implementation complexity as much as
possible with tolerable performance degradation. The parameters given in Chapter 5
are therefore still valid, however the salient parameters are given here in Table 6 for

convenience. Clock sources are assumed to be ideal.

Recelver Assumptions

In the following an ideal receiver is assumed, which alows performance to be
analysed solely with respect to the transmitter implementation. It is therefore assumed
that the receiver operatesanidea (N, + 1)-point DFT at the critical OFDM sampling
rate of f,, = (N, + 1)fg,,. In addition it is assumed that the receiver has already
achieved frame and (OFDM) symbol synchronisation with thereceived signal, and that
there are no time offsets between users (which is reasonable given the use of DQPSK

in aguasi-synchronous system).

6.8.1 Frequency Range

The required range of the DDS is dependent on the maximum required subcarrier
frequency it must produce, and the maximum offset it must compensate for. The

maximum required frequency output of the DDS s therefore

N,foup + Af o, = 350kHZ (6.5)

sub
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meaning that a clock speed of the same order as used for frequency estimation can be

used for frequency synthesis, giving a maximum output frequency of

f
f clk - 500kHz (6.6)

0, max 7

which is more than adequate.

6.8.2 Frequency Resolution

In order to define the frequency resolution required in the DDS the BER
degradation due to subcarrier inaccuraciesisinvestigated. As analysed in Section 5.6,
the frequency offset of a user arriving at the receiver is Af = f jpg+f; gor, Where
Af is Gaussian with variance cif and mean f, 5. The expected interference power
is again calculated by Monte Carlo smulation for cif = 25x 10" and fr bps taken
from a uniform distribution across the range _—é-es %S . The total interference is
seen to be zero-mean Gaussian, as the expected value of f, 5 iszero. The frequency

resolution is calculated from (6.2) as

where f,, = 1MHz. Figure 6.12 shows the total interference power on a single user
among fifteen for various accumulator wordlengthsand f, ,, = 10kHz. It can be seen
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Figure: 6.12: Total interference power on asingle user among fifteen with
Af = ppstfi est
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that there is no significant benefit to increasing the accumulator wordlength above 13
bits (f,.s = 122Hz), as the interference power approaches the ideal value
(corresponding to f, .. = OHZz). Indeed, the difference between theideal value and the
interference power for awordlength of 13 bitsis of the order of 107,

In order to confirm the findings above the interference power values found by
simulation are used to produce BER curves with the theoretical formula given in
(3.19), whichisvalid asthetotal interferenceis again zero-mean Gaussian distributed.
The performance curves around the target BER of 10~ for a selection of different
frequency resolutions are shown in Figure 6.13. It can clearly be seen that the BER
performance is minimally degraded for accumulator wordlengths greater than around
13 hits, confirming the resultsin Figure 6.12. The performance degradation for 11 bits
is approximately 0.1dB, for 12 bits approximately 0.03dB, and for the longer
wordlengths, as can be seen in the figure, the degradation is almost negligible. A

Perfect resolution
n+b =14
\ n+b =13
n+b =12
n+b =11

BER

11.75 11.8 11.85 11.9

Figure: 6.13: BER degradation due to offsets produced in
subcarrier synthesis.
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reasonable choice of phase accumulator wordlength would, therefore, be 13 bits,

giving a frequency resolution of f .. = 122Hz.

6.8.3 Look-up Table Size

The accumulator wordlength was investigated above and it was observed that a
wordlength of 13 bits was a good choice. The next stage in the DDS chain takes the
phase value from the accumulator and maps it to a corresponding sine and cosine
amplitude value. Using a full period table, representing every possible phase that the
accumulator is capable of generating, would require 213 = 8192 entries. The size of
the LUT can be reduced to aquarter of the full size by using asmall phase-to-quadrant
mapping circuit, however this has no effect on BER performance. As explained in
Section 6.4.1, the phase accumulator output can be truncated in order to reduce the size
of the LUT at the expense of some loss in quality of the synthesised sinusoid. In this
work, in order to minimise complexity in a transmitting node, it is desirable to reduce
the LUT size as much as possible without sacrificing performance. Reducing the LUT
address wordlength (n) by one bit corresponds to a 50% reduction in the size of the
LUT.

Figure 6.14 shows the expected total interference power on a single user among

fifteen for varying LUT address sizes. As each synthesised frequency possesses a
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Figure: 6.14: Expected total interference power on asingle user among fifteen for varying LUT
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different quality of spectrum, the interference powers are calculated by Monte Carlo
simulation with random frequency offsetstaken from auniform distribution with range
[-200,200] kHz applied to each user, and other parametersasgivenin Table 6. For each
simulation run, therefore, a user generates a frequency made up of the assigned
subcarrier frequency and two frequency offset components; the overall frequency
offset, Af, and the residual offset after offset estimation, f, gor.

LUT entries were quantised with 32 bits resolution, which results in a resolution
fine enough to assume amplitude quantisation effects negligible. From Figure 6.14 it
may be concluded that there is minima benefit to increasing the LUT address
wordlength above 7 or 8 bits (corresponding to a LUT sizes of 128 or 256 entries
respectively).

The above findings are again confirmed in Figure 6.15 where theoretica BER
curves are plotted for the various LUT sizes. The leftmost plot shows that there is not
a significant degradation with decreasing LUT size until a 64 entry LUT is reached
(n = 6). Examining the rightmost plot, where the E, /N, range is concentrated
around the theoretical value of 10.8dB for the target BER of 10", revealsthat although

there is a drop in performance if the LUT is reduced to 64 entries, there is minimal

10 ‘ :

LUT size =32
LUT size = 64
LUT size = 128
LUT size = 256
LUT size = 8192
= = =DQPSK

-3

10 7

BER

107}

8 9 10 11 12 10.4 10.6 10.8 11
Eb/N0 Eb/NO

Figure: 6.15: BER performance for varying LUT sizes.
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benefit to increasing the LUT size above 128 entries. A reasonable choice of LUT size
would therefore be 128 entries, giving a fixed point format accumulator of n = 7

integer and b = 6 fractiona bits.

6.8.4 Sineamplituderesolution.

It was seen above that the LUT can be reduced from the maximum 8192 entries to
only 128 entries with minimal performance loss. As explained previoudy, the
investigation was carried out with the LUT entries quantised to 32 bits, in order to
examine only the effect of the LUT size on BER performance. It isdesirable, however,
to reducethiswordlength, L, to the minimum possiblelength so asto reduce DAC cost
and power consumption, and the size of the LUT. Using the same methods as above,
the expected interference power on a single user among fifteen isshown in Figure 6.16
for aselection of quantisation wordlengths. It can be seen that thereis minimal benefit
to increasing the quantisation wordlength to above 6 or 7 bits.

The above results are confirmed through theoretical BER analysis in Figure 6.17.
The rightmost plot again showsthe BER curves around the desired BER of 10" It can
be seen that the degradation only becomes significant once the wordlength is reduced
to 5 bits. At 6 bits and above the degradation isminimal, and thus 6 bitsisareasonable

recommendation for the amplitude quantisation of the LUT entries.

002 T T T T T T

0.015
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Total interference power
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LUT entry quantisation (L)

Figure: 6.16: Expected total interference power on asingle user among fifteen for varying LUT

entry quantisation wordlengths (L ).
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Figure: 6.17: BER performance for varying LUT entry quantisation.

6.8.5 Dithering

In this section, dithering is applied to the phase accumulator output before
truncation, thus reducing the magnitude of spectral spurs at the expense of a raised
noise floor. The spectrum of a selection of dithered and non-dithered transmitted
signalsis shown in Figure 6.18, where the user signals are created using the minimum
complexity DDS parameters found above. It is obvious that the spurs have been
eliminated, at the expense of a small rise in the noise floor of a few dB. It is also
interesting to link this to expected BER performance. Figure 6.19 compares the
expected interference power on a single user among fifteen for dithered and non-
dithered signals. Perhaps unexpectedly, dlightly moreinterferenceis experienced when
each user uses dithering. Thisis due to the random nature of the spurs on the output of
each user. The output spectrum of each user is dependent on the frequency that they
synthesise, which isin turn entirely dependent on the frequency offset. This resultsin
spur locations being essentially random. For a spur to cause significant interference to

a certain user, it must be very close to the frequency of the user subcarrier. The
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Figure: 6.18: Specta of a selection of non-dithered (top) and dithered (bottom) user signals.

probability of this occurring is small. In the case of the dithered signal, however, a
raised noise floor is present at al frequencies, and will increase the expected

interference power irrespective of which subcarrier frequencies are transmitted.
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Figure: 6.19: Expected interference power on asingle user among fifteen for varying LUT
address wordlengths (n ), dithered and non-dithered.
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Figure: 6.20: Transmitter DDS architecture showing minimum complexity wordlengths.

The use of dithering, however, is ill worthy of consideration. Although the
probability of a spur and subcarrier frequency clash is small, and on average the
expected interference is low, there will be occasions when alarge spur interferes with
a user subcarrier and causes catastrophic performance degradation. For the cost of a
small loss in expected performance (the increase in interference shown in Figure 6.19
for n = 7 resultsin an E,/N,, degradation of less than 0.01dB at a BER of 10°%),

dithering ensures that this never occurs.

6.9 Design Review

In this chapter the minimum complexity implementation of a node transmitter for
the Orient-2 system has been investigated. It has been shown that by designing
specifically for the Orient-2 system avery smple transmitter DDS architecture can be
implemented with minimal performance degradation, as shown in Figure 6.20. In
summary, a DDS with a 13 bit phase accumulator and a 128 entry sine LUT with
entries quantised to only 6 bits can be implemented. Dither can optionally be added

before phase truncation, but in the average case provides limited benefit.
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6.10 Concluding Remarks

In this chapter the implementation of a node transmitter for the Orient-2 system has
been investigated. The node transmitter comprises subcarrier generation and
modul ation stages, which can be achieved using asine LUT based DDS and a simple
multiplexing architecture, respectively. The implementation of the DDS has been
analysed in detail and and by designing specifically for the Orient-2 system, a low-
complexity implementation has been found which results in minimal performance
degradation compared to the ideal case. It has been shown that a DDS consisting of a
13 bit phase accumulator and a 128 entry LUT with entries quantised to 6 bits of
resolution is sufficient, and causes only a small amount of BER degradation. In
addition, it has been seen that, although in the average case dithering provides limited
benefit, it can be used to ensure users never suffer the small possibility of catastrophic

link failure due to spectra spurs.
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Conclusions

7.1 Résumé

In this section, the work which has been presented in this thesisis reviewed.

Wireless sensor networks were introduced with particular attention paid to
Speckled Computing, a vison of tiny nodes enabling computing power to be
embedded into the environment.

Data extraction for WSNs was discussed. The Orient-2 body posture tracking
system was introduced, and the requirement for a solution to the problem of nodes
communicating datato a central location under latency and update rate constraints was
discussed.

Multicarrier modulation was reviewed, and its applicability within a Specknet
was discussed. In particular OFDM and its multiuser extension, OFDMA, were
described, and the need for tight time and frequency synchronisation between users
was stressed. Standard time and frequency synchronisation techniques were
investigated, and the motivation for developing a novel, Orient-2 specific solution to

the offset problems was devel oped.

123
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An OFDM A-based data extr action protocol was proposed, where nodes transmit
onindividua subcarrier frequenciesto acentral FFT-enabled receiver. The limitations
of the protocol were investigated as applied to the Orient-2 system, and it was
explained how it addresses the problem of time and frequency synchronisation

between usersin a novel manner.

An elegant transmitter architecture was then investigated, which combines
subcarrier modulation and frequency offset estimation into a single procedure. The
implementation of the transmitter was considered in some detall, with a
recommendation being made for a minimum complexity architecture which resultsin

minimal performance degradation.

7.2 Conclusions

In this section, the main results of thiswork are described.

* A novel data extraction protocol in which userstransmit on individual OFDMA
subcarriers has been introduced. The protocol alows multiple nodes to
communicate with a central receiver concurrently, thus resolving previously

existing limitations on update rate and latency.

» The viability of the protocol for use with the Orient-2 body posture tracking
system has been investigated in detail and the main issues resolved. With the
use of areceiver-initiated communications exchange, as detailed in Figure 4.3,
time offsets between received signals are mitigated through the use of a cyclic
prefix and differential modulation. Frequency offsets are estimated in the
downlink and compensated for in each node’s transmission.
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* A novel method of combining subcarrier modulation with frequency offset
compensation has been investigated. A single, elegant, entirely digital
architecture has been introduced which ensures frequency synchronisation

between users.

* |t has been shown that the interference on a single user due to offsets on other
users is Gaussian, and that it can be modelled using a simple equation
dependent only on the variance of the frequency offset affecting each user. A
frequency offset variance, cif, of 25x10°° (normalised to the subcarrier
spacing of 10kHz) results in around 1dB of E, /N, degradation at the target
BER of 10™%.

* It has been shown that the interference power on a single user does not
significantly increase if the number of users increases above the fifteen used in
the current implementation. This is important as it allows the results found in
this thesis to be readily applied to future systems containing greater numbers of

nodes.

» The implementation of the protocol for the Orient-2 system has been
investigated, with recommendations made for implementation of the frequency
estimation and frequency compensation/subcarrier modulation stages of the

communications exchange.

» The interference on a user due to frequency offsets has been analysed in detall
in order to place requirements on frequency offset estimation accuracy. The
defined frequency offset variance requirements have been trandated into a
specification of an estimator that possesses a variance of lower than 2.5 x 1077
(normalised to the assumed sampling rate of 1MHz). For the defined
requirements, it has been shown that the Kay estimator provides good all round
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performance. Assuming an SNR of 12dB at the node, an estimator of length 118
samples is required. If desired, the SNR can be increased, and the estimator
length reduced.

» The implementation of the transmitter was considered in some detail, with a
recommendation being made for a low-complexity architecture which limits
performance degradation when compared to the ideal case. Subcarrier synthesis
is achieved using a DDS with the minimum complexity wordlengths as shown
in Figure 6.20. A DDS with a 13 bit phase accumulator and a 128 entry sine
LUT with entries quantised to only 6 bits can be implemented with minimal

performance degradation.

» Dithering can be used to eliminate the spectral spurs produced by the DDS at
the expense of araised noise floor. It can therefore be used to ensure that users
never experience the small possibility of catastrophic link failure due to spectral

spurs exactly coinciding with another user’s subcarrier frequency.

7.3 FutureWork

This section considers the limitations of the protocol as it has currently been
investigated, and suggests other ways in which it could be applied.

* There are some assumptions made within this work which when removed
provide interesting problems to be resolved. Firstly, the difference in path loss
between different users and the receiver is considered negligible. Removing this
assumption would require power control to be considered. In this case an
efficient solution would be needed that avoided significant control signalling
overhead. Secondly, subcarrier allocation is considered fait accompli, perhaps

achieved during some start-up phase. It isinteresting to consider how this could
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be achieved, and indeed if alocation of subcarriers to users could be
intelligently managed to minimise interference, and reduce freguency
synchronisation constraints.

Both of the above problems would be interesting to consider, and could
provide a starting point for further investigation of the use of the polling signal

to communicate control signalling.

* A comparison with other methods of generating parallel channels would be
worthwhile. For example how would the protocol introduced in this thesis
compare to asimilar scheme using CDMA, or indeed standard FDMA? A study
of this kind would require investigation of the receiver in addition to the node

transmitters.

» The protocol could beinvestigated for use within aWSN, as areceiver-initiated
MAC protocol for multi-hop communications. There is potential for the
investigation of minimal-complexity FFTs within energy-constrained nodes for

the implementation of a similar protocol.

* Finaly, a physical implementation of the protocol for use with the Orient-2
system would be an interesting challenge. The Orient-2 system is aready
proving to be an effective method of tracking body posture, and with further
improvements, and an implementation of the protocol described in this thesis,

future generations of the system should find application in many domains.
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