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ABSTRACT

Localization is very important for self-organizing wireless networks. The lo-
calization process involves two main steps: ranging, i.e., estimating the distance
between an unlocalized node and the anchor nodes within its range, and the lo-
calization algorithm to compute the location of the unlocalized nodes using the
anchor coordinates and the estimated ranges. To be able to estimate the distance,
the receiver needs to detect the arrival time of the received signals precisely. Thus,
the first part of this research is related to time synchronization.

We propose two new symbol timing offset estimation (STO) algorithms that can
detect the start of an orthogonal frequency division multiplexing (OFDM) symbol
more accurately than others in a Rayleigh fading channel. OFDM is used to per-
form timing synchronization because it is incorporated in many current and future

wireless systems such as 802.11, WiMAX, wireless USB, and WiMedia. The first
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proposed algorithm uses a metric that is calculated recursively. Two estimation
methods are considered: one using the average of the metric results, and the other
using the median. The second approach uses a preamble designed to have a maxi-
mum timing metric for the correct location and very small values otherwise. These
algorithms are shown to outperform recent algorithms in the literature.

In the second part of this dissertation we explore the second step of the local-
ization problem. There are two kinds of localization: range-free and range-based.
A new distributed range-free localization algorithm is proposed where every un-
localized node forms two sets of anchors. The first set contains one-hop anchors
from the unlocalized node. The second set contains two-hop and three-hop an-
chors away from the unlocalized node. Each unlocalized node uses the intersec-
tions between the ranging radii of these anchors to estimate its position.

Four different range-based localization algorithms are proposed. These algo-
rithms use techniques from data mining to process the intersection points between
an unlocalized node and nearby anchors. The first proposed scheme is based on
decision tree classification to select a group of intersection points. The second is
based on the decision tree classification and K-means clustering algorithms ap-
plied to the selected intersection points by the decision trees. The third is based on
decision tree classification and the density-based spatial clustering of applications
with noise (DBSCAN) algorithm applied to the intersection points selected by de-
cision trees. The last approach uses the density-based outlier detection (DBOD)
algorithm. DBOD assigns density values to each point being used in the location
estimation. The mean of these densities is calculated and those points having a
density larger than the mean are kept as candidate points. These proposed ap-

proaches are shown to outperform recent algorithms in the literature.
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Chapter 1

Introduction

Digital modulation is well established in wireless communication systems. It en-
ables the use of advanced signal processing and coding techniques to improve
transmission quality. In recent decades, great attention has been paid to improv-
ing mobile and indoor wireless networks. In parallel, the ever increasing demand
for higher speeds in these networks has caused a move from narrowband to wide-
band systems [1]].

Advanced wireless devices should be capable of locating and tracking a user
or wireless device in a network precisely. This capability can enable many applica-
tions in wireless networks. These wireless devices should also survive in extreme
environments with multipath fading and non-line-of-sight (NLOS) signal paths.

Two important design issues in developing such a system are precise location
estimation and a flexible data rate to accommodate varied applications. For exam-
ple, sending only location information to an access point in the network requires
a low date rate. However, sending real-time audio or video from a terminal node
to the access point requires a high data rate to achieve sufficient quality of service.

Providing accurate location information in wireless networks will be an essential
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feature in the future to introduce services such as secure routing, location-based
routing and monitoring the coverage area of the network. The coverage area of
a wireless network can be determined by knowing the location of each node and
its transmission range. This knowledge also helps to deploy additional nodes in
uncovered areas if needed, or replace dead nodes by new ones.

Providing accurate location information requires accurate ranging, and accu-
rate ranging requires accurate time synchronization. Thus, the first step in con-
structing a localization system is accurately determining the arrival time of the

signal at the receiver.

1.1 Time Synchronization and Localization

Time synchronization is the first step in determining the location of wireless nodes.
Accurate synchronization leads to accurate distance estimation between the nodes.
Localization means computing the coordinates of a node position. Navigation and
tracking are two applications of localization. They act like dynamic localization
where the localization process is repeated periodically.

The two steps of localization are ranging i.e., measuring the distance between
an unlocalized node and anchor nodes, and localizing i.e., computing node coor-
dinates based on distances estimates, as shown in Fig. [Tl An unlocalized node is
one whose location has not yet been determined. An anchor node knows its coor-
dinates, for example they can be obtained via GPS. In Fig. three anchors are
shown with one unlocalized node residing within their ranges. dj, da, and d3 repre-
sent the estimated distances between Anchory, Anchorp, and Anchors, respectively
and the unlocalized node, which is represented by a black star. In Fig. the

circles represent the estimated distance for each anchor to the unlocalized node. If
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all anchors are able to estimate the distance precisely, the three circles will intersect
exactly on the unlocalized node and then the node location is known exactly.
Estimating the distance is required only in range-based localization schemes.
In range-free localization the first step is not needed. Proximity sensing is used to
determine if a node is in range of other nodes or not. In the literature, there are
different names for anchor nodes. They are called landmarks, beacons, references, or
locators nodes. The unlocalized nodes are called agents, blindfolded, dump, unknown,
or targets nodes. The terms anchor nodes and unlocalized nodes are used throughout

this dissertation.

Unlocalized node Localized node
Anchor,
d, d, Anchor, '
ds \
Anchor,
(a) Ranging. (b) Localization.

Figure 1.1: The two steps of the localization process.

Localization in wireless networks has seen a lot of research in the last decade.
One can ask, why not use the global positioning system (GPS) to locate each node?
Implementing a GPS device in each node is a costly solution, especially if there are

a large number of wireless nodes. In addition, GPS will not give accurate results



CHAPTER 1. INTRODUCTION 4

for indoor wireless networks. The goal is to determine the location of every node

after the deployment process with the highest possible accuracy and at a low cost.

1.2 Motivation

Wireless networks are currently deployed in urban areas, as well as in indoor envi-
ronments such as offices and homes. In these environments, the transmitted signal
experiences multipath propagation before reaching the receiver. This means that
multiple copies of the transmitted signal arrive with different delays and attenu-
ations at the receiver. A signal that is based on a multiple carrier technique can
survive very well in a multipath environment. With multiple carriers, the system
bandwidth is divided into several parallel subbands. The most common imple-
mentation is based on the fast fourier transform (FFT) and is named orthogonal
frequency division multiplexing (OFDM) [1]. FFT is an efficient algorithm to com-
pute the discrete Fourier transform (DFT), and a DFT transforms the signal from
a time domain representation to a frequency domain representation. In OFDM, a
large number of closely-spaced orthogonal subcarriers are used to carry the data.
This data is divided into several parallel data streams or channels, one for each
subcarrier. Each subcarrier is modulated with a conventional modulation scheme
such as quadrature amplitude modulation (QAM) or phase-shift keying (PSK) at
a low symbol rate, maintaining the total data rate similar to conventional single-
carrier modulation over the same bandwidth.

As mentioned earlier, adding location information for wireless nodes and the
ability to locate any new node or wireless device in a wireless network is a great
feature that has many applications. There are civil applications like monitoring

patients in hospitals and tracking animals, as well as military applications like
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tracking soldiers and vehicles in a battlefield.

The use of OFDM signals for time synchronization is based on its use in cur-
rent standards like WLAN (802.11), WiMAX, wireless USB, and WiMedia and also
its promise for future standards. This motivates research into localization using
OFDM technology. In this dissertation solutions are developed that can be used
in any OFDM-based system. More information about OFDM will be presented in
Chapter[2

1.3 Problem Statement

The first problem is time synchronization in OFDM systems. Fig. shows the
received OFDM signal via a multipath channel. In an OFDM system, the data bits
at the transmitter are first converted to PSK or QAM symbols via mapping. These
symbols are divided into blocks of length N, where N is the number of subcarri-
ers in an OFDM symbol. Then each symbol vector X = [Xo X1 X5 --- XN_1]T is
converted to the corresponding OFDM symbol x via an IFFT to generate the time-

domain OFDM signal which is expressed as:

N-1
x(n) =Y Xpe?mn/N (1.1)
k=0

where X} is the PSK or QAM symbol. The nth received sample has the form:

y(n) =) h(m)x(n—m) (12)

where & (m) is the channel impulse response (CIR) with memory or length L. The

CIR is given by
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L—1
h(t) =Y wd(t—T) (1.3)
=0

where «; is the amplitude of the /th MPC and the 7; is the delay of the /th MPC.

At the receiver, we have time and frequency offsets. The time offset is mod-
elled as a delay ¢ in the received signal, and the frequency offset is modelled as a
phase distortion v normalized to the frequency spacing between subcarriers. The
received signal with time and frequency offsets plus AWGN noise w (n) with vari-
is

ance 02,

r(n) =y(n—e) 2N 4w (n) (1.4)

In this dissertation we focus only on estimating ¢, assuming the frequency offset v

is estimated and compensated already.

Symbol n-1 OFDM Symbol n Symbol n+1

cP Data

Time

ideal timing

Figure 1.2: Ideal timing at the receiver.

The other problem considered is localization in wireless networks. The nodes
in the network are divided into anchors that know their locations and unlocalized
nodes that must determine their locations by communicating with anchors within
range. Each unlocalized node in the wireless network calculates its location based
on the estimated distances to at least three anchors within its range in the case of
range-based schemes, or just knowing the maximum possible range of anchors in
the case of range-free schemes. An unlocalized node must be in range of at least

three anchors to be able to estimate the distance. The location of an unlocalized
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node is given by p (x,y), the anchors within its range are given by 4; (x;,y;), and the
estimated distances between the unlocalized node and each anchor is d; as shown
in Fig. The goal is to estimate the location of the unlocalized node p (%,7)
based on the given information, which in this case is the three distance estimates

and anchors locations.

Localized node

Figure 1.3: An illustration of the localization problem.

1.4 Contributions

We propose two algorithms to solve the OFDM time synchronization problem and
five new algorithms to solve the localization problem. The first OFDM timing
algorithm is based on an enhanced correlation method with a new metric. The
proposed algorithm outperforms a recent one presented in the literature. The sec-
ond approach uses a preamble designed to have a maximum timing metric for the
correct location and very small values otherwise.

A distributed range-free localization algorithm that is based on proximity in-
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formation from multi-hop anchor nodes is proposed. This algorithm outperforms
a recently published algorithm. Finally, five different distributed range-based lo-
calization algorithms are proposed, namely variance-based localization using de-
cision trees (VBLDT), distance-based localization using decision tree (DBLDT), K-
means-based localization (LKmeans), localization based on density-based spatial
clustering of applications with noise (LDBSCAN), and finally a density-based out-
lier technique localization algorithm (LDBOD). These algorithms were inspired by
results in the data mining field. Data mining is a rich field with algorithms that

can be used to solve many problems [2].

1.5 Outline

Chapter[2/provides an introduction to multicarrier modulation and its advantages
and disadvantages. Current OFDM technologies and standards that use OFDM are
presented. The time synchronization problem is presented by reviewing some cur-
rent time synchronizing methods. The proposed algorithms are also introduced.
Performance results are given for different wireless channels.

Chapter[3|provides a general introduction to the localization problem. It starts
with a review of different ranging techniques and localization algorithms. Sources
of ranging errors are discussed and localization applications are reviewed to moti-
vate the problem.

Chapter @ considers range-free localization. Several known algorithms are re-
viewed and the proposed distributed range-free localization scheme is presented
with different performance measures. Performance results are presented to com-
pare the proposed algorithm with some methods in the literature.

Chapter[5lintroduces a new approach to solving the problem of localization. A
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number of classification and clustering algorithms from data mining are combined
together to accurately estimate the location of different nodes in the network. Per-
formance results and comparisons with recent schemes are given.

Finally in Chapter|[6] conclusions are presented along with future directions.
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Chapter 2

Time Synchronization

Multicarrier technology in the form of orthogonal frequency-division multiplexing
(OFDM) is widely recognized as one of the most promising schemes for next gen-
eration wireless networks [3]. This technique has already been adopted in many
applications, including terrestrial digital video broadcasting (DVB-T) and some
commercial wireless LANs. OFDM is used in the European digital broadcast ra-
dio system, as well as in wired systems such as asymmetric digital subscriber-lines

(ADSL).

2.1 OFDM Basics

Frequency division multiplexing (FDM) divides the channel bandwidth into sub-
channels and transmits multiple relatively low rate signals by transmitting each
signal on a separate carrier frequency. A guard band is left between the subcarri-
ers to ensure that the signal of one subcarrier does not overlap with the signal of
an adjacent subcarrier. However, the bandwidth is not used efficiently. In order to
solve the bandwidth efficiency problem, orthogonal frequency division multiplex-

ing was proposed. In this case, the different carriers are orthogonal to each other.
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Each narrowband subchannel experiences almost flat fading as shown in Fig. 2.1]

Frequency selective
N Frequency flat
e
[J)
> n
N
4 N ]
('_5 P
c »
2
n
Frequency

Figure 2.1: An illustration of frequency selective and flat channel.

The orthogonality property is apparent from Fig. [2.2] where at the the peak of
one subcarrier all other carriers have zero amplitude [1]. OFDM is an efficient
broadband multicarrier modulation method which offers superior performance
and benefits over older, more traditional single carrier modulation methods. In
single carrier communications, the data is modulated onto a single carrier fre-
quency where the available bandwidth is occupied by each symbol. This can lead
to inter-symbol-interference (ISI) between adjacent symbols in the case of a fre-
quency selective channel. A spectrum example with three OFDM subcarriers is
shown in Fig. This shows that the spectra are partly overlapping, significantly
increasing the spectral efficiency as compared to conventional FDM multicarriers

systems. Fig. [2.3]shows the time and frequency representation of OFDM symbols
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with guard interval. The same OFDM signal in Fig. is depicted in the time-
domain in Fig. 24 with the guard interval represented by a cyclic prefix that is just

a copy of the end of the symbol appended to the front. The guard interval and its

importance are explained in Section

IEAVAVAV.VAVAV /A

Frequency

>

Amplitude

Figure 2.2: Spectrum of OFDM.

System Bandwidth

Sub-carri
||

ers
¥!‘!

Frequency

Figure 2.3: Time and frequency representation of OFDM symbols with a guard

interval.

The basic OFDM processing at the transmitter and receiver is summarized in

the block diagram of Fig. First the bits are modulated and then sent to a
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Figure 2.4: OFDM in the time domain with a cyclic prefix (CP).

serial to parallel block. Next the IFFT block converts the signal to the time domain.
The resulting signal is converted to a serial stream, a guard interval is appended,
converted to analogue, and finally sent through the channel. At the receiver, the

Same process is reversed.

2.2 Guard Interval

Two main signal degradations in OFDM systems are inter symbol interference (ISI)
and inter carrier interference (ICI). Inter symbol interference (ISI) occurs when en-
ergy from one symbol spills over to the next symbol. This is usually caused by time
dispersion in multipath channels when reflections of the previous symbol interfere
with the current symbol. Inter carrier interference (ICI) occurs when the subcar-

riers lose their orthogonality, causing them to interfere with each other. This can
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Figure 2.5: OFDM system block diagram.

arise due to doppler shifts and frequency and phase offsets.

The guard interval (GI) acts as a guard space between successive OFDM sym-
bols and, therefore, limits IS, as long as the length of the Gl is longer than the chan-
nel impulse response (CIR). The GI ensures orthogonality between the subcarriers
by keeping the OFDM symbol periodic over the extended symbol duration, and
therefore avoiding inter-carrier interference (ICI). Traditionally, the GI is the copy
of the tail of each IFFT block, called the cyclic prefix (CP). Recently, zero-padding
(ZP) has been proposed to replace the generally non-zero GI [4] [5]. Specifically,

in each block of the so-called ZP-OFDM transmission, zero symbols with a length
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greater than CIR are appended after the IFFT. If the number of zero symbols equals
the CP length, then ZP-OFDM and CP-OFDM transmissions have the same spec-
tral efficiency [4]. However, the receiver complexity is increased in the case of
ZP-OFDM. Conversely, ZP-OFDM can perform well, even in the presence of deep
frequency fading [6].

2.3 Wireless Systems using OFDM

The application of OFDM for wireless local-area-networks (WLANSs) was first stan-
dardised in 1999 as IEEE 802.11a [7], often referred to as Wi-Fi, where it was used in
the 5 GHz frequency band. A similar system was standardized within ETSI under
the name of HiperLAN/ 2. Both systems specify a system with 20 MHz bandwidth,
64 subcarriers and a GI length of 16 samples (800 ns).

Recently, the application of OFDM has been proposed for ultra wideband (UWB)
communications [8] under the IEEE 802.15.3a PAN framework. This proposal em-
ploys a signal bandwidth of 528 MHz, which is divided into 128 subcarriers, 100 of
which are used for data transmission. The system is based on multiband OFDM,
where consecutive symbols are transmitted in different frequency bands. Initial
deployment is foreseen in the 3.1-4.9 GHz band, but extensions to bands up to 10
GHz are envisioned for the future. The proposal is based on QPSK modulation
and a data rate varying from 53.3 Mbps up to 480 Mbps. In parallel to the stan-
dardisation by IEEE, a similar proposal was accepted in May 2005 as the wireless
USB [9] specification. Vendors are now starting to deliver products based on this
standard [1].

The use of OFDM has also been standardized for outdoor networks, for exam-

ple under the IEEE 802.16 framework. This effort is focused on wireless metropolitan-
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area-networks (WMANSs). These systems [10] are often collectively referred to as
WiMax. They operate in the 2-11 GHz band, providing speeds up to 75 Mbps. The
bandwidth is flexible, varying from 1.5 - 20 MHz. The system provides OFDM and
OFDMA modes with 256 and 2048 subcarriers respectively [1]. OFDMA is OFDM
with multiple access to serve multiple users. It is covered briefly in Section 2.4l

Recently, an extension to the 802.16 standard was proposed for applications to
mobile networks. This extension is proposed for the frequency bands below 6 GHz
and employs a scalable OFDMA design. The bandwidth is flexible, but, at a band-
width of 5 MHz, a maximum data rate of 15 Mbps can be achieved. This design
is being standardized as IEEE 802.16e and a version is currently being deployed in
Korea as Wireless Broadband (WiBro) [1]].

24 OFDM Properties and Main Advantages

A frequency selective channel occurs when the transmitted signal experiences a
multipath environment. Under such conditions, a given received symbol can be
potentially corrupted by a number of previous symbols. This effect is commonly
known as inter symbol interference (ISI), as mentioned before. To avoid such inter-
ference, the symbol duration, Ty, should be much larger than the delay spread
Ty (Mmaximum amount of time between the first and last multipath signal at the
receiver). This leads to poor efficiency in terms of transmission rate in the case of
single carrier systems. In an OFDM system, N data symbols are transmitted on N
different subcarriers to overcome the effects of frequency selective channels. In this
way, the transmission rate remains the same but the system is now more robust to
ISI.

The performance of OFDM in frequency selective fading can be improved by
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the use of channel coding, yielding coded OFDM (COFDM). Here, the bits are
encoded in codewords, which are spread over the different subcarriers using an
interleaver. Since the codewords are spread over different carriers, the probability
that an entire codeword is received on channels with a high bit error rate will be
low, thus the resulting probability of error is also low [1].

Adaptive modulation can be used to improve the performance of OFDM sys-
tems in frequency selective fading. With adaptive modulation, the estimate of the
channel state is used at the transmitter to determine the modulation [1]]. This chan-
nel estimate relates to the SNR experienced at the receiver. In adaptive modulation,
the subcarriers with high SNRs are assigned symbols of higher order modulation,
and subcarriers with low SNRs are assigned symbols from a lower order modu-
lation or even no symbols. The use of adaptive modulation is illustrated in Fig.
Here poor subcarriers are assigned no bits, subcarriers with moderate chan-
nels carry 1 bit/subcarrier (e.g., BPSK modulation), and subcarriers with the best
channels are assigned 2 bits/subcarrier (e.g., QPSK modulation). In the case of
conventional OFDM, all subcarriers would be assigned the same modulation.

OFDM can also be used as a multiple access technique. Orthogonal frequency
division multiple access (OFDMA) allows multiple users to communicate simul-
taneously [1]. In OFDMA, the subcarriers are subdivided between the different
users. The use of OFDMA is illustrated in Fig. 2.7] where the left block of carriers
is assigned to user 1, the middle block to user 2 and the right block to user 3. Al-
though the assignment is applied in blocks of carriers here, other patterns can be
employed. For example, individual subcarriers throughout the spectrum can be

assigned to a user, providing channel diversity for the different users [1].
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Figure 2.6: An illustration of adaptive modulation.
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Figure 2.7: An illustration of the OFDMA technique.

18



CHAPTER 2. TIME SYNCHRONIZATION 19

2.5 Symbol Timing Offset (STO)

The goal in timing offset estimation is to find the start of the OFDM symbol, as
shown in Fig. 2.8l Depending on the location of the estimated starting point of the
OFDM symbol, the effect of STO might be different. Fig. 2.8 shows four different
cases of timing offset, in which the estimated starting point is too early, little early,
exact, or little later than the exact timing instance. In the first case, a negative
timing error occurs with ISI. This is the case when the starting point of the OFDM
symbol is estimated as prior to the end of the (lagged) channel response of the
previous OFDM symbol, and thus, the symbol timing is too early to avoid the ISI.
In this case, the orthogonality among subcarriers is destroyed by the ISI (from the

previous symbol), and furthermore, ICI occurs.

Symbol I-1 OFDM Symbol | Symbol 1+1
Cc? Data
Ng N,
NS
Time
Np
(I-1)th Ith (I+1)th
CIR CIR
tmax negative timing error (ISI)
negative timing error (no ISI)
ideal timing

positive timing error (ISI)

Figure 2.8: Timing errors in receiving OFDM symbols.

In the second case, a negative timing error occurs without ISI. This is the case
when the estimated starting point of the OFDM symbol is before the exact point,
yet after the end of the (lagged) channel response of the previous OFDM symbol.
In this case, the Ith symbol is not overlapped with the (I — 1)th OFDM symbol,
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that is, no ISI occurs.

In the third case, the estimated starting point of an OFDM symbol coincides
with the exact timing, preserving the orthogonality of the subcarriers. In this case,
the OFDM symbol can be perfectly recovered without any interference.

The final case is positive timing error with ISI. This occurs when the estimated
starting point of the OFDM symbol is after the exact point, which means the sym-
bol timing is a little later than the exact one. In this case, the signal within the FFT
interval at the receiver consists of part of the current OFDM symbol and part of

the next one.

2.5.1 Pilot-based STO Estimation

Pilots, such as pseudo-random sequences or null symbols, can be used to deter-
mine the start of an OFDM symbol. They are particularly useful for systems with
low SNR, where synchronization might otherwise be difficult. Some single-carrier
timing synchronization methods can be extended to OFDM systems [11]].

The pilot symbols can be OFDM-based or non-OFDM-based. If OFDM-based
pilot symbols are used, the frame size may need to be increased to lower the
overhead. Otherwise, for shorter frames, non-OFDM-based pilot synchronization
bursts may be more appropriate [12].

Another issue to consider when designing pilots for a system is the continuity
and burstiness of the data. If the data is continuous, a null signal can be used to
signal the start of a symbol. This is the method employed by the European DAB

standard. If the data is bursty, a null signal is inappropriate [12].
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2.5.2 Non-Pilot-based STO Estimation

Most non-pilot-based methods for timing offset estimation are based on the redun-
dancy of the cyclic prefix. Even though many of these non-pilot-based methods are
derived for an AWGN channel, with minor modification, they can also be used for
dispersive channels [12].

Many algorithms use the periodicity of the correlation function of the time-
domain OFDM symbeol [13], [14], [15]. This periodicity can be exploited to find
the start of an OFDM signal. How to use this periodicity varies from method to
method. Some methods look only at the correlation function while others include
the relative power of the samples as well [12].

There are three aspects of OFDM synchronization, namely subcarrier frequency
offset (CFO) estimation, receiver sampling frequency offset (SFO) estimation and
symbol timing offset (STO) estimation. The first one can be termed as frequency
error and the last two can be grouped as timing error [16]. In this dissertation, only
STO is studied.

Symbol timing relates to the problem of detecting the start of a symbol. The
requirement for this is somewhat relaxed when a CP is used. The symbol timing
result defines the FFT window; i.e. the set of samples used in the FFT calculation

for each received OFDM symbol [16].
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2.6 Proposed STO Estimation for ZP-OFDM Systems

As mentioned previously, synchronization is an essential component of any com-
munication system. In [17], the authors use the received signal power to deter-
mine the symbol starting point. In [18], two symbols are employed to detect the
OFDM symbol by doing cross-correlation, and then autocorrelation between the
cross-correlated symbols. Um et al. [19] use a special preamble with three iden-
tical components. The authors of [17] [18] [19] synchronize the symbol using the
strongest multipath component whether it is the first one or not. In [20], Li et
al. use two sliding windows for synchronization by exploiting the energy lev-
els in both windows. However, the mean square error (MSE) of their solution is
very high compared to other approaches. In ranging applications, employing the
strongest multipath component may result in a large error, especially in non-line-
of-sight (NLOS) environments where the first multipath component (MPC) is not
the strongest one.

In OFDM systems, inter-symbol interference (ISI) can be avoided by inserting
a cyclic prefix (CP) in each OFDM symbol. This CP is just a copy of the end of
the OFDM symbol. There is an alternative method to reducing ISI called zero
padding, in which zeros are simply inserted at the end of each OFDM symbol. Zero
padding has been proposed for multi-band OFDM ultra wideband (MB-OFDM-
UWB) systems, and so it is employed here.

In an OFDM system, the data at the transmitter are first mapped to PSK or
QAM symbols. These symbols are divided into blocks of length N, where N is the
number of subcarriers in an OFDM symbol. Then an inverse fast Fourier transform

(IFFT) is used to convert each symbol vector X = [Xo X1 Xo -+ Xn_1] T into a time-
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domain OFDM signal

N-1
x(n) =Y Xpe2n/N (2.1)
k=0

The nth sample of the received signal with perfect timing and frequency syn-

chronization is given by

L—1
y(n)=Y_ h(m)x(n—m)+w(n) (2.2)

m=0

where 11 (m) is the channel impulse response of length L. It is assumed that L is not
longer than the cyclic prefix. w (n) is additive white Gaussian noise (AWGN) with
variance 2. At the receiver, there are typically timing and frequency offsets. The

timing offset is a delay ¢ in the received signal.

2.6.1 Timing Estimators

In this section, four different timing estimators are presented. They will be com-
pared with our proposed estimation technique.
In the Schmidl et al. method [21], a training symbol is employed as a preamble.

It has two identical halves in the time domain given by

Ssch = [ANJ2 ANy2] (2.3)

where Ay, represents a sequence of length N /2. The estimate of the starting

point of the symbol is at the maximum of the following timing metric

_ ’Psch(d)‘z
Mgep (d) - (Rsch (d))z (2.4:)

where d is the time index corresponding to the first sample in a window of length
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N with
N/2-1
Psop(d) = r'(d+m)-r(d+m+ N/2) (2.5)
m=0
and
N/2-1 )
Rsen(d) = 2 |r(d+m+ N/2)]| (2.6)

m=0

In the Minn et al. method [22], the training symbol has four parts given by

Sminn = [BN/a BN/a — Bnja — Byl (2.7)

where By/4 is a sequence of length L = N /4. They use (2.4), but with the following

operands
1 N/4-
Pysinn Z Z (d+kN/2+m) -r(d+kN/2+m+ N/4) (2.8)
k=0 m=0
and
1 N/4—
Rininn Z Z r(d+kN/2+m+ N/4)? (2.9)

where d is the time index corresponding to the first sample in a window of length
N.

In the Park et al. method [23], the following training symbol structure is em-
ployed

Spark = [AN/4 BN/4 A?\[/4 B}k\]/4] (2.10)

where Ay 4 is a sequence of length N/4, and By /4 is symmetric with An/4. Ay,
and B}, are the conjugates of Ay, 4 and By 4 respectively. They use (2.4) with the
following operands

N/2
Pparr(d Zrd k).r(d +k) (2.11)
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and
N/2

Rpork(d) = Y |r(d + k)| (2.12)
k=0
where d is the time index corresponding to the first sample in a window of length
N. This metric improves the timing peak compared to the other metrics.
Choi et al. [24] proposed the following preamble using zero padding instead of

a cyclic prefix

Senoi = [Cn/2 Dy /2l (2.13)

where Cy/5 is a sequence of length N /2 sequence, and Dy, is the complex con-

jugate of Dy, which is a time reversed version of Cy/,. The operands in (2.4)

are
N/2-1
Popoi(d) =Y r(d—k)-r(d+k+1) (2.14)
k=0
and
1 N-1 )
Repoi(d) = B Z |V(d +k— N/2| (2.15)
k=0

2.6.2 Proposed STO Estimation Algorithm

Two problems in symbol synchronization are noise and multipath fading. Using
the correlation of the received signal with the conjugate of the training symbol
can give good results at low SNRs in the presence of only noise. However, with
multipath fading, the first signal component may not be the dominant one. Thus,
one cannot just pick the maximum metric value as the timing estimate. In fact,
picking the maximum can result in significant timing errors in a rich multipath
environment. This is a common problem with the techniques in [21} 22} 23]. In [24]
a threshold is employed. However, at low SNRs, determining a suitable threshold
1 is very difficult [24]. In our proposed algorithm, no threshold is required, and

we do not assume the first multipath component is the dominant one. Thus, our



CHAPTER 2. TIME SYNCHRONIZATION 26

algorithm is more practical than previous techniques, and provides precise timing
results even at low SNR values.

In low SNR environments, using a stored reference for synchronization can
provide more accurate timing. Our approach to synchronization employs the fol-

lowing concepts
e Symbol boundary detection using an enhanced correla