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ABSTRACT

The demand for high-speed mobile wirdess communications is rgpidly growing.
OFDM technology promises to be a key technique for achieving the high data
cgpecity and gpectral efficiency reguirements for wirdess communication systems of

the near future.

This thess presents an invedtigation into methods for maximisng the spectrd
efficiency of Orthogond Frequency Divison Multiplexing (OFDM) systems. As part
of this, an investigation of detrimentd effects on OFDM is presented, showing the
effect of: band pass filtering, the use of a rased cosne guard period, clipping
digortion, Additive White Gaussan Noise (AWGN) on modulation BER rate, time
synchronisation error, and frequency offset errors.

An invedtigation of two adgptive techniques is aso presented. These techniques
utilise knowledge obtained by dynamically tracking the radio channd response, to
optimise the usxr frequency, and subcarrier modulation. Adaptive modulation
independently optimises the modulation scheme applied to each subcarrier so that the
soectrd  efficiency is maximised, while mantaining a target Bit Error Rate (BER).
For a fading channd, adgptive modulation results in an improvement of 12 - 16 dB in
the Signd to Noise Ratio (SNR) required to maintain a given BER, as compared with
fixed modulation. Adgptive user dlocation exploits the difference in frequency
sdective fading between users, to optimise user subcarrier adlocation. In a multipath
environment the fading experienced on each subcarrier varies from user to user, thus
by utilisng usar/subcarrier combinations that suffer the leest fading, the overdl
performance is maximised. Adaptive user dlocation results in an additiond average

sgnd power improvement of 3- 5 dB.

The smulated performance of the adgptive techniques is presented using a st of
measured wide bandwidth (70 MHZz) frequency response measurements teken at 1

Vv



GHz. Thee measurements show the changes in the frequency sdective fading with
gndl increments in space, dlowing the effects of different tracking rates for the
adaptive alocations schemes to be investigated.

This thess dso presents a method for maximisng the dgnd drength within
buildings, by usng tranamisson repesters. This is gmilar to the Single Frequency
Networks used in DAB and DVB sysems except aoplied to smdl-scde bi-
directiond communications. Usng multiple repegters causes multipath problems in
most conventional systems, however OFDM  has a sufficiently high multipath
tolerance to combine the multipath energy. It was found to decrease the path loss by
7 dB for an indoor system with two repesaters, and up to 20 dB for eight repesaters.

In addition, two techniques are presented for reducing the Crest Factor (pesk to
average power ratio of the RF signad envelope) of OFDM dgnds. The firg technique
is a phaang scheme for OFDM pilot symbols, which uses genetic dgorithms to
optimise the phase angle of each subcarrier. This technique achieves a lower CF than
any previoudy published techniques, obtaining a CF as low as 0.65 dB, which is 2
dB lower than commonly used techniques. The second technique reduces the CF of
data carying symbols, by including additiond subcariers that ae optimised in
amplitude and phase to cancd out the peaks in the overdl OFDM symbol. This was
found to produce a net improvement of 4 dB to the wordt- case symbol CF.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

Wirdess communications is an emerging fidd, which has seen enormous growth in
the last saverd years. The huge uptake rate of mobile phone technology, Wirdess
Loca Area Networks (WLAN) and the exponentid growth of the Internet have
resulted in an increased demand for new methods of obtaining high cepacity wirdess
networks.

Mogt WLAN systems currently use the IEEE802.11b standard, which provides a
maximum data rate of 11 Mbps [96]. Newer WLAN standards such as IEEE802.11a
[100] and HiperLANZ2 [98], [99] are based on OFDM technology and provide a
much higher data rate of 54 Mbps. However systems of the near future will require
WLANS with data rates of greater than 100 Mbps, and 0 there is a need to further
improve the spectra efficiency and data capacity of OFDM sysems in WLAN
applications.

For cdlular mobile applications, we will see in the near future a complete
convergence of mobile phone technology, computing, Internet access, and potentialy
many multimedia gpplications such as video and high qudity audio. In fact, some
may ague tha this convergence has dready largely occurred, with the advent of
being able to send and recelve data using a notebook computer and a mobile phone.
Although this is possible with current 2G (2" Generation) Mobile phones, the data
rates provided are very low (9.6 kbps — 14.4 kbps) and the cog is high (typicaly
$0.20 - $1.30 AUD per minute) [24], [25], limiting the usefulness of such asarvice.

The god of third and fourth generation mobile networks is to provide users with a
high data rate, and to provide a wider range of services, such as voice
communications, videophones, and high speed Internet access. The higher data rate
of future mobile networks will be achieved by increesng the amount of spectrum
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Chapter 1 Introduction
dlocated to the service and by improvements in the spectra efficiency. OFDM is a

potentid candidate for the physcd layer of fourth generation mobile sysems. This
thess presents techniques for improving the spectra efficiency of OFDM systems
goplied in WLAN and mobile networks.

1.1 THIRD GENERATION WIRELESS SYSTEMS

Third generation mobile sysems such as the Universd Mohbile Teecommunications
Sysem (UMTS) [1], [2], [3], [4] and CDMAZ2000 [6] will be introduced over the
next 15 years (2002 onwards) [5]. These systems are driving to provide higher data
rates than current 2G systems such as the Globd System for Mobile communications
(GSM) [22], [23] and 1S-95. Second generation systems are mainly targeted a
providing voice services, while 3 generation systems will shift to more daa

oriented services such as Internet access.

Third generation sysems use Wide-band Code Divison Multiple Access (W-
CDMA) as the carrier modulation scheme [10]. This modulation scheme has a high
multipath tolerance, flexible data rate, and dlows a greater cdlular spectrd
dfidency than 2G sysems Third generdion sysems will provide a ggnificantly
higher data rate (64 kbps — 2 Mbps) [1] than second-generation systems (9.6 — 14.4
kbps). The higher data rate of 3G systems will be able to support a wide range of
goplications including Internet  access, voice communications and  mobile
videophones. In addition to this, a large number of new gpplicatiions will emerge to
utilise the permanent network connectivity, such as wirdess appliances, notebooks
with built in mobile phones, remote logging, wirdess web cameras, car navigation
sysems, and so forth. In fact most of these gpplications will not be limited by the
datarate provided by 3G systems, but by the cost of the service.

The demand for use of the radio spectrum is very high, with terrestrid mobile phone
sysgems being just one of many gpplications vying for suitable bandwidth. These
goplications require the system to operate reliably in non-line-of-9ght environments
with a propagation distance of 0.5 - 30 km, and a veocities up to 100 km/hr or
higher. This operating environment limits the maximum RF frequency to 5 GHz, as
operating above this frequency results in excessve channd path loss, and excessve
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Doppler sporead a high vedocity. This limits the spectrum avalable for mohbile
gpplications, making the value of the radio spectrum extremely high.

In Europe auctions of 3G licenses of the radio spectrum began in 1999. In the United
Kingdom, 90 MHz of bandwidth [8] was auctioned off for £225 hillion [9]. In
Geamany the result was smilar, with 100 MHz of bandwidth raising $46 hillion (US)
[7]. This represents a vadue of around $450 Million (US) per MHz. The length of
these license agreements is 20 years [8] and so to obtain a reasonable rate of return of
8% on investment, $105 Million (US) per MHz must be raised per year. It is
therefore vitdly important thet the spectrd efficiency of the communication system
is maximised, as this is one of the main limitations to providing a low cost high data

rate service.

1.2 4™ GENERATION SYSTEMSAND BEYOND

Research has just recently begun on the development of 4™ generation (4G) mobile
communication sysems. The commercid rollout of these sysems is likdy to begin
around 2008 - 2012, and will replace 3¢ generation technology. Few of the ams of
4G networks have yet been published, however it is likey that they will be to extend
the capabiliies of 3G networks, dlowing a grester range of gpplications, and
improved universd access. Ultimately 4G networks should encompass broadband
wirdess savices, such as High Definition Tdevison (HDTV) (4 - 20 Mbps) and
computer network applications (1 - 100 Mbps). This will dlow 4G networks to
replace many of the functions of WLAN systems. However, to cover this gpplication,
cos of service must be reduced dgnificantly from 3G networks. The spectra
efficiency of 3G networks is too low to support hgh data rate services a low cost.
As a consequence one of the man focuses of 4G sysems will be to sgnificantly

improve the spectrd efficiency.

In addition to high data rates future sysems must support a higher Qudity Of
Service (QOS) than current cdlular systems, which are designed to achieve 90 - 95%
coverage [11], i.e. network connection can be obtained over 90 - 95% of the area of
the cell. This will become inadequate as more systems become dependent on wireless
networking. As aresult 4G systems are likely to require a QOS closer to 98 - 99.5%.
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In order to achieve this leve of QOS it will require the communication sysem to be

more flexible and adgptive. In many applications it is more important to mantan
network connectivity than the actua data rate achieved. If the transmisson path is
very poor, eg. in a building basement, then the data rate has to drop to maintain the
link. Thus the data rate might vary from as low as 1 kbps in extreme conditions, to as
hgh as 20 Mbps for a good transmisson path. Alternatively, for agpplications
requiring a fixed data rate, the QOS can be improved by dlocaing additiona
resources to users with a poor transmission path.

A dgnificant improvement in gpectrd  efficdency will be required in order for 4G
systems to provide true broadband access. This will only be achieved by sgnificant
advances in multiple aspects of cdlular network systems, such as network structure,
network management, smart antennas, RF modulation, user dlocation, and generd
resource dlocation. This theds will focus on severd aspects primaily RF
modulation, user dlocation and network structure.

Vehicular

M obility

£
3
z

Stationary

003 01 03 1 3 10 30 100
Data Rate (M bps)

Figure 1-1, Current and future mobile systems. The genera trend will be to
provide higher data rates and greater mobility. Derived from [12] and [13].

1.3 ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING

Orthogond Frequency Divison Multiplexing (OFDM) is an dterndive wirdess
modulation technology to CDMA. OFDM has the potential to surpass the capacity of
CDMA systems and provide the wireless access method for 4G systems.
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OFDM is a modulation scheme that dlows digitd data to be efficiently and rdiably
transmitted over a radio channd, even in multipath environments. OFDM trangmits
data by usng a large number of narrow bandwidth cariers. These cariers ae
regularly spaced in frequency, forming a block of spectrum. The frequency spacing
and time synchronisation of the carriers is chosen in such a way that the carriers are
orthogona, meaning that they do not cause interference to each other. This is despite
the carriers overlapping each other in the frequency doman. The name ‘OFDM’ is
derived from the fact that the digitd data is sent usng many cariers, eech of a
different frequency (Frequency Divison Multiplexing) and these carier's are
orthogond to each other, hence Orthogona Frequency Divison Multiplexing.

The origins of OFDM devdopment dated in the late 1950's [30] with the
introduction of Frequency Divison Multiplexing (FDM) for data communications. In
1966 Chang patented the structure of OFDM [32] and published [31] the concept of
usng orthogond overlapping multi-tone sgnas for data communications. In 1971
Weingen [33] introduced the idea of usng a Discrete Fourier Trandform (DFT) for
implementation of the generation and reception of OFDM signds diminating the
requirement for banks of analog subcarrier oscillators. This presented an opportunity
for an easy implementation of OFDM, especidly with the use of Fast Fourier
Trandorms (FFT), which are an efficient implementation of the DFT. This suggested
that the eesest implementation of OFDM is with the use of Digitd Signd Processng
(DSP), which can implement FFT dgorithms. It is only recently that the advances in
integrated circuit technology have made the implementation of OFDM cogt effective.
The reliance on DSP prevented the wide spread use of OFDM during the early
development of OFDM. It wasn't until the late 1980's that work began on the
devdopment of OFDM for commerciad use, with the introduction of the Digitd
Audio Broadcagting (DAB) system.

131 DIGITAL AUDIO BROADCASTING

DAB was the firda commercid use of OFDM technology [19], [20]. Development of
DAB darted in 1987 and services began in U.K and Sweden in 1995. DAB is a
replacement for FM audio broadcadting, by providing high qudity digitd audio and
information services OFDM was used for DAB due to its multipath tolerance.
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Broadcast systems operate with potentidly very long transmisson distances (20 -
100 km). As a result, multipath is a mgor problem as it causes extensve ghosting of
the tranamisson. This ghosting causes Inter-Symbol Interference (ISl), blurring the
time doman sgnd.

For sngle carier transmissons the effects of 1S ae normaly mitigated using
adaptive egqudisation. This process uses adaptive filtering to gpproximate the impulse
response of the radio channd. An inverse channd response filter is then used to
recombine the blurred copies of the symbol bits. This process is however complex
and dow due to the locking time of the adgptive equdiser. Additiondly it becomes
increasing difficult to equdise sgnas that suffer IS of more than a couple of symbol
periods.

OFDM overcomes the effects of multipath by bresking the sSgnd into many narrow
bandwidth carriers. This results in a low symbol rate reducing the amount of I1S. In
addition to this, a guard period is added to the start of each symbol, removing the
effects of 1S for multipath sgnads ddayed less than the guard period (see section 2.3
for more detail). The high tolerance to multipath makes OFDM more suited to high

datatranamissonsin terrestrid environments than single carrier transmissons.

Parameter Transmission Mode

| 1] 11 v
Bandwidth 1536 MHz 1.536 MHz 1.536 MHz 1.536 MHz
Modulation DQPK DQPK DQPXK DQPXK
Freguency Range £ 375MHz £15GHz £3GHz £15GHz
(Mobilereception)
Number of subcarriers 1536 384 192 768
Symbol Duration 1000 s 250 s 1258 500 ns
Guard Duration 246 ns 62 s 3lns 123 s
Total Symbol Duration 1246 s 312ns 156 s 623 ns
Maximum Transmitter 96 km 24 km 12 km 48km

Separation for SFN
Table 1-1, DAB Transmission parameters for each transmission mode [ 20]

Table 1-1 shows the sysem parameters for DAB. DAB has four transmisson modes.
The trangmisson frequency, recever veocity and required multipath tolerance dl

determine the most suitable transmission mode to use.

Doppler spread is caused by rapid changes in the channel response due to movement

of the recever through a multipath environment. It results in random frequency
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modulation of the OFDM subcarriers, leading to signal degradation. The amount of
Doppler spread is proportionad to the transmisson frequency and the veocity of
movement. The closer the subcarriers are spaced together, the more susceptible the
OFDM ggnd is to Doppler spread, and so the different transmisson modes in DAB
dlow trade off between the amount of multipath protection (length of the guard
period) and the Doppler spread tolerance.

The high multipath tolerance of OFDM dlows the use of a Single Frequency
Network (SFN), which uses transmisson repeaters to provide improved coverage,
and spectral efficiency. For traditiond FM broadcasting, neighbouring cities must
use different RF frequencies even for the same radio dation, to prevent multipath
causes by rebroadcasting a the same frequency. However, with DAB it is possible
for the same dgnd to be broadcast from every area requiring coverage, eiminating
the need for different frequencies to be used in neighbouring aress.

The data throughput of DAB varies from 0.6 - 1.8 Mbps depending on the amount of
Forward Error Correction (FEC) applied. This data payload dlows multiple channds
to be broadcast as pat of the one transmisson ensemble. The number of audio
channds is variddle depending on the qudity of the audio and the amount of FEC
used to protect the signal. For teephone quality audio (24 kbps) up to 64 audio
channels can be provided, while for CD qudity audio (256 kb/s), with maximum

protection, three channds are available.

More information on DAB can be found in [20] and [21].

132 DIGITAL VIDEO BROADCASTING

The devdopment of the Digitd Video Broadcasting (DVB) standards was Started in
1993 [14]. DVB is a transmisson scheme based on the MPEG-2 standard, as a
method for point to multipoint delivery of high quality compressed digitd audio and
video. It is an enhanced replacement of the analogue televison broadcast standard, as
DVB provides a flexible tranamisson medium for ddivery of video, audio and data
sarvices [17]. The DVB sandards specify the delivery mechanism for a wide range
of applications, induding sadlite TV (DVB-S), cable sysems (DVB-C) and
terrestrid transmissons (DVB-T) [15]. The physcd layer of each of these standards
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is optimised for the transmisson channd being used. Satdlite broadcasts use a sngle

carier trangmisson, with QPSK modulation, which is optimised for this gpplication
as a sngle carier dlows for large Doppler shifts, and QPSK alows for maximum
enagy effidency [16]. This transmisson method is however unsuitable for terrestriad
trangmissons as multipath severdy degrades the performance of high-speed single
carier transmissons. For this reason, OFDM was used for the terredtrid
tranamisson sandard for DVB. The physcad layer of the DVB-T trangmisson is
gmilar to DAB, in that the OFDM transmisson uses a large number of subcarriers to
mitigate the effects of multipath. DVB-T dlows for two transmisson modes
depending on the number of subcarriers used [18]. Table 1-2 shows the basic
transmisson parameters for these two modes. The mgor difference between DAB
and DVB-T is the larger bandwidth used and the use of higher modulation schemes
to achieve a higher daa throughput. The DVB-T dlows for three subcarrier
modulation schemes. QPSK, 16-QAM (Quadrature Amplitude Modulation) and 64-
QAM; and a range of guard period lengths and coding rates. This dlows the
robustness of the transmission link to be traded a the expense of link capacity. Table
1-3 shows the data throughput and required SNR for some of the transmisson
combinations.

DVB-T is a uni-directiond link due to its broadcast nature. Thus any choice in data
rate verses robustness affects dl recavers. If the sysem god is to achieve high
reliability, the data rate must be lowered to meet the conditions of the worgt receiver.
This efect limits the usffulness of the flexible nature of the standard. However if
these same principles of a flexible transmisson rate are used in bi-directiond
communications, the data rate can be maximised based on the current radio
conditions. Additiondly for multiuser gpplications, it can be optimised for individud
remote transceivers.

Parameter 2k Mode 8k Mode
Number subcarriers 1705 6817
Useful Symbol Duration (T,,) 896 ns 22418
Carrier Spacing (1/ Ty) 1116 Hz 4464 Hz
Bandwidth 7.61 MHz 7.61 MHz

Table 1-2, DVB transmission parameters [18].
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Subcarrier  CodeRate  SNR for BER =2" 10 after Bit rate (Mbps)
Modulation Viterbi (dB) Guard Period (Fraction of
Gaussian Rayleigh Useful symbol duration)
Channel Channel 1/4 1/32
QPSK Ya 31 54 498 6.03
QPSK 7/8 7.7 16.3 8.71 10.56
16-QAM Ya 88 1.2 9.95 12.06
16-QAM 7/8 139 228 1742 2111
64-QAM Yo 144 16.0 14.93 18.10
64-QAM 7/8 201 279 26.13 3167

Table 1-3, SNR required and net bit rate for a selection of the coding and
modulation combinations for DVB

Note: Code rate can be any of the following values. 1/2, 2/3, 3/4, 5/6, 7/8. The
Guard Period duration can be any following vaues. 1/4, 1/8, 1/16, 1/32.
Derived from [18].

133 MULTIUSER OFDM

DAB and DVB sysems are only uni-directional from the base dation to the users.
Not much work has been done on usng OFDM for two-way communications or for
multiuser gpplications. These applications include wirdess modems, Wirdess Locd
Area Networks (WLAN's), Wirdless Local Loop (WLL), mobile phones, and mobile
high speed internet. This thess ams to look a applying OFDM to such applications,
and to look at the resulting advantages and problems. This thesis aso presents some
new techniques that can be used to improve broadcast and multiuser OFDM systems.
This theds presents the performance of adaptive modulation and adaptive user
dlocation schemes in a multiusr OFDM sysdem. These techniques improve the
gpectra efficiency and QOS.

Fattouche [81] patented a method for implementing a wirdess multiusr OFDM
gysem in 1992, predating any published research in this fiedd. This system used haf
duplex Time Divison Multiplexing (TDM) to dlow multiuser access, with the base
gations and portable units taking turns to transmit. Carrier modulation was fixed and
used D8-PK (Differentid 8 Phase Shift Keying). The sysem was bandwidth limited
by usng a raised @msne guard period. Fattouche is the founder WiLan Inc., which is
one of the few companies currently producing multiuser OFDM modems.

Williams and Prodan [82], patented the use of multiuser OFDM in cable applications
in 1995. This introduced the use of a hybrid user dlocation, usng Frequency

9
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Divison Multiplexing (FDM) and TDM. In this sysem the users were dlocated time
and frequency dots depending on the data demand. This patent however, fals to
address problem of obtaning and mantaning accurate time and frequency
synchronisation between usars, which is criticd for mantaning orthogondity

between users.

Cimini, Chuang, Sollenberger [83] outlined an Advanced Cdlular Internet Service
usng multiuser OFDM. The am of this sysem was to provide Internet access a a
data rate of 1 — 2 Mbps. This system uses time synchronised base gations, which are
dlocated time dots in a sdf-organisng fashion. These base dation time dots are
then broken cown in to time dots for users. In addition to TDM, users are dlocated
subcarriers dynamicaly based on the channd Signd to Interference Ratio (SIR), to

dlow minimisation of inter-cdlular interference.

Wahlgvig [84] described one possble implementation of multiuser OFDM in a
wirdess environment, outlining a user dlocation scheme where users were alocaed
amndl blocks of time and frequency. In this scheme, each tranamisson block consists
of a samdl group of subcarriers, (5 - 10) and a smal number of symbols, about 11 in
length. The am of this sructure is to dlocate time and frequency dots to utilise the
high corrdation between neighbouring subcarriers, and the smdl channd variation
between a smal group of symbols. This dlows the block to be characterised with a

smple pilot tone structure,

134 HIPERLAN2 AND IEEES802.11A

Development of the European Hiperlan standard was darted in 1995, with the find
gandard of HiperLAN2 being defined in June 1999. HiperLAN2 pushes the
performance of WLAN systems, dlowing a data rate of up to 54 Mbps [97].
HiperLAN2 uses 48 data and 4 pilot subcariers in a 16 MHz channd, with 2 MHz
on dther dde of the Sgnd to dlow out of band roll off. User alocation is achieved
by usng TDM, and subcariers are dlocated usng a range of modulation schemes,
from BPSK up to 64-QAM, depending on the link qudity. Forward Error Correction
is used to compensate for frequency selective fading.

IEEE802.11a has the same phydcd layer as HiperLAN2 with the man difference

10
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between the standard corresponding to the higher-level network protocols used.

HiperLANZ is usad extensvely as an example OFDM system in this thess. Since the
physcd layer of HiperlLAN2 is very smilar to the IEEE802.11a standard these
examples are gpplicable to both standards.

Standard 802.11b 802.11a HiperLAN2
Spectrum 24GHz 52GHz 52GHz

M odulation Technique DSsS OFDM OFDM

~Max physical rate 11 Mbps 54 Mbps 54 Mbps
~Max datarate, layer 3 5 Mbps 32 Mbps 32 Mbps

M edium access contr ol CSMA/CA TDMA/TDD
Connectivity Conn. less Conn. less Conn. orientated

Table 1-4, Summary of characteristics of IEEE802.11b, IEEE802.11a and
HiperLAN2. Derived from [97]

Parameter Value

Channéel Spacing 20 MHz

IFFT used for 20 M SPS 64

Data Subcarriers 48

Pilot Subcarriers 4

Carrier Spacing (F) 312.5kHz (=20 MHz/64)
Nominal Bandwidth 16.25MHz (=3125kHz "~ 52)
Useful Symbol Period 32 (ZV F)

Guard Period 0.8 nec

Modulation Schemes BPSK, QPSK, 16-QAM, 64-QAM
Coding Rate 1/2,2/3,3/4

Table 1-5, Physical Layer for HiperLAN2 and IEEE802.11a. Derived from [99]

1.4 THESISOUTLINE AND CONTRIBUTIONSTO THE
FIELD

141  CHAPTER 2 BASIC PRINCIPLES OF OFDM

Chapter 2 provides an introduction to OFDM in generd and outlines some of the
problems associated with it. This chapter describes what OFDM is, and how it can be
generated and received. It dso looks & why OFDM is a robust modulation scheme
and some of its advantages over sngle carier modulation schemes. Detrimenta
effects such as noise, band pass filtering, digtortion, time synchronisation error and
frequency synchronisation error are described. In addition to this, an investigation
into the effectiveness of usng raised cosne guard periods for sSde-lobe suppresson

11
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is presented. This chapter establishes the performance of OFDM over a wide range
of modulaion schemes from BPSK through to 4096-QAM and over a range of
detrimentd effects.  This work forms the foundation for the development of adaptive
modulation schemesthat are presented in Chapter 4.

142  CHAPTER 3 RADIO PROPAGATION

This chepter presents an introduction to radio propagation effects such as path loss,
frequency sdective fading, Doppler soread and multipath delay spread. The
peformance of any wirdess communication sysems is highly dependent on the
propagation channel, and so a detailed knowledge of radio propagation is important
for optimisation of wirdess communications. Chapter 4 presents a method for
exploiting the effects of multipath propagation in multiuser OFDM  gpplications in
order to improve the spectrd efficiency of the sysem and s0 an underdanding of
radio propagetion characteridics is needed before different forms of multiuser
OFDM can be discussed. This chapter provides a review of well-known propagation
effects and extends these to look at the effects on wide bandwidth transmissions.

Mog radio fading models in literature are based on datistical results, making them of
little use for invedigating the peformance of the adgptive modulation scheme
presented in Chapter 4. The performance of this technique is dependent on the
corrdation of the frequency sdective fading and how fast the fading changes with
postion of the transceiver. To overcome this problem this chepter includes an
exparimentd invedigation of gandl-scde frequency sdective fading of multipath
environments, which is a measure of the vaidion in the multipath fading with smal
changes in pogtion. This work is used in Chepter 4 to smulate the performance of
adaptive modulation.

Also presented is an experiment measuring the rate of change of the radio channe
with movement of nearby people. This dso looks a the error in tracking the channel
under these conditions, giving a guide to how fast adaptive schemes must actively
track the radio channel characterigtics.

12
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143 CHAPTER 4 MULTIUSER OFDM

This chapter looks a methods for gpplying OFDM in multiuser applications. It
provides a sudy into user dlocation schemes, and the application of adaptive

modulation mobile RF environments.

Adaptive modulaion is a method for obtaining a high spectrd efficiency in a fading
environment. The HiperlLAN2 and |EEE802.11a dsandard use system wide
modulation tracking, alowing the modulation of dl subcariers to be changed to
match the channd SNR. The modulation used in such sysems is based on the
average subcarrier SNR, and so the effects of fading gill cause large increases in the

error rate.

This thess proposes that the adaptive modulation is applied on a subcarier by
subcarrier bass, as a method for combating the effects of frequency sdective fading.
Each subcarrier in the OFDM system tranamits a different amount of data based on
the Signd to Noise Ratio (SNR) for that subcarier. The channd peformance is
tracked on a regular bass usng the bi-directiond nature of the link to ensure that
both the tranamitter and receiver know what modulation scheme is currently being

used on each subcarrier.

This technique has been agpplied to wire line (telephone cable) OFDM systems such
as xDSL  (x — Asymmetric or Symmetric, Digital Subscriber Loop) [87]. Such a
technique is relatively easy to apply to copper cables, due to the dtatic nature of the
channel response. In a mobile environment the frequency response of the radio
channel changes as a result of the relaive movement of the transmitter, recaiver and
the surrounding objects. This response changes dgnificantly for movements as smdl
as a fraction of a waveength, which is typicdly 10-30 cm. This dynamic nature of
the chamnd makes it difficult to track its response, especidly when mobile users are
travelling faster than walking speed.

Work has been done sudying the use of adgptive modulation in sngle carier
sysems [90] - [93], however not much work has been published on use of adaptive
modulation in OFDM systems.

This chapter outlines gpplying adaptive modulation to OFDM systems in a multiuser

mobile environment. Additiondly an adaptive frequency dlocation scheme s
13
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presented for optimisation of user subcarrier frequency. This chapter investigates the
feashility of such techniques and the possible advantages such as increased capacity,
improved qudity of sarvice, and a dgnificant reduction in required forward error

correction.

144  CHAPTER 5 ACCESS POINT REPEATERS

OFDM can withstand high levels of multipath delay spread. This property can be
exploited to reduce the path loss in WLAN sysems. For example the sgnd from
dngle base dation dgnd can be smultaneoudy trangmitted from multiple locations
within a cdl. This smple technique reduces shadowing caused by wals and
obgructions, improving the coverage of WLAN sysems. The dgnds from the
multiple transmitters appear as multipath at the receiver, but can be compensated for
by the high multipath tolerance of OFDM. These multiple tranamitters are referred to
as Access Point Repesters (APR) because the process is reversble in that the base
daion tranamits and receives from these APRs. This technique is smilar to Single
Frequency Networks used in DAB [14], and DVB systems [20]. The main difference
is this technique is proposed for bi-directiond communications and for smal-scae
sysems. Usng APRs coupled with adaptive modulation adlows WLAN OFDM
sysems to operate a very high spectrd efficiencies while maintaining a high Qudity
Of Service (QOS), and so this technique provides a Sgnificant advance.

145 CHAPTER 6 GENERATION OF LOW CREST FACTOR
MULTI-TONE SIGNALS
OFDM dgnds require highly linear amplification to prevent Inter-Carrier
Interference (ICl) and spectra spreading due to Inter-Modulation Digtortion (IMD)
[54]. Linear amplifiers have a low energy efficiency meking them difficult to use in
battery-operated equipment. Additiondly OFDM sgnals have a high Crest Factor
(CF) (pesk to average power ratio of the envelope of the RF signd) due to the multi-
carier modulation. As a result of the high CF, the output power of the amplifier must
be kept low to prevent clipping and digtortion.

This chapter describes how the CF of a sampled sgnad can be measured accuratdly,
and outlines a new phasng technique for generating OFDM pilot reference symbols

14
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with avery low CF.

The new phasng scheme uses genetic dgorithms to optimise the phase of the
subcarriers to minimise the CF of the waveform. This form of optimisation has never
been gpplied to this gpplication. The result of this process is that symbols with a CF
as low as 0.65 dB ae possble. This is 0.7 dB lower than any previoudy known
dgorithm. The very low CF of the OFDM dgnds makes them ussful for pilot
symbols in coherent modulation or for adaptive modulation to alow tracking of the
radio channel. Because of their ultra low CF the average power of these symbols can
be boosted sgnificantly (~6 dB) while ill maintaining a lower pesk power than data
symbols. This improves the SNR of the channd egtimation, reducing the number of
pilot symbols needed, and potentidly the channd estimation speed.

14.6 CHAPTER 7 CREST FACTOR MINIMISATION OF OFDM
DATA SYMBOLS

This chapter describes a technique for a better than 5 dB reduction in the CF for data
carying OFDM dgnds This improvemert is achieved by insating additiond
subcarriers into the sgna referred to as peak reduction carriers (PRC). These PRC
are st in phase and amplitude, usng a codebook, to minimise the overdl symbol CF.
The codebook is obtained usng a search of al possble sgnd combinaions. This
technique is optimised for dgnds usng a low number of subcariers, and low
modulation schemes such as BPSK and QPSK, due to the brute force searching
technique employed.

147 CHAPTER 8 SUMMARY

A concluson is provided, which summarises the magor results obtained this thess,
and outlines possible future work in thisfield.
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CHAPTER 2 BASIC PRINCLIPES OF
OFDM

Orthogond Frequency Divison Multiplexing (OFDM) is very dmilar to the wdl-
known and used technique of Frequency Divison Multiplexing (FDM). OFDM uses
the principles of FDM to dlow multiple messages to be sent over a dngle radio
channel. It is however in a much more controlled manner, alowing an improved
spectrd efficiency.

A dmple example of FDM is the use of different frequencies for each FM
(Frequency Modulation) radio dations. All dtations transmit a the same time but do
not interfere with each other because they transmit usng diffeent carier
frequencies. Additiondly they ae bandwidth limited and are spaced sufficiently far
goat in frequency s0 that ther tranamitted sSgnds do not overlgp in the frequency
domain. At the recever, each sgnd is individudly received by using a frequency
tunesble band pass filter to sdectively remove al the signads except for the station of
interest. This filtered dgna can then be demodulated to recover the origind
transmitted information.

OFDM is different from FDM in severd ways. In conventiond broadcasting each
radio dation transmits on a different frequency, effectivdy usng FDM to maintan a
separation between the gations. There is however no coordination or synchronisation
between each of these dations With an OFDM transmisson such as DAB, the
information dgnds from multiple dations is combined into a sngle multiplexed
dream of data This data is then transmitted usng an OFDM ensemble that is made
up from a dense packing of many subcarriers. All the subcarriers within the OFDM
sgnd are time and frequency synchronised to each other, dlowing the interference
between subcarriers to be carefully controlled. These multiple subcarriers overlap in

the frequency domain, but do not cause Inter-Carrier Interference (ICl) due to the
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orthogonad nature of the modulation. Typicdly with FDM the trangmisson sgnds
need to have a large frequency guard-band between channels to prevent interference.
This lowers the overdl spectrd efficiency. However with OFDM the orthogond
packing of the subcarriers greetly reduces this guard band, improving the spectra
effidency.

All  wirdess communication sysems use a modulation scheme to map the
information ggnd to a form tha can be effectivdy trangmitted over the
communications channel. A wide range of modulation schemes has been developed,
with the mogt wuiteble one, depending on whether the information sgnd is an
andogue waveform or a digitd sgnd. Some of the common andogue modulation
schemes include Frequency Modulation (FM), Amplitude Modulation (AM), Phase
Modulation (PM), Single Side Band (SSB), Vedtigid Side Band (VSB), Double Side
Band Suppressed Carrier (DSBSC) [121], [122]. Common Sngle carrier modulation
shemes for digitd communications include, Amplitude Shift Keying (ASK),
Frequency Shift Keying (FSK), Phase Shift Keying (PSK) and Quadrature
Amplitude Modulation (QAM) [121] - [123].

Each of the carriers in a FDM tranamisson can use an andogue or digital modulation
scheme. There is no synchronisation between the transmisson and so one dation
could transmit usng FM and another in digitd usng FSK. In a sngle OFDM
trangmisson dl the subcarriers are synchronised to each other, redricting the
transmisson to digitd modulation schemes. OFDM is symbol based, and can be
thought of as a large number of low bit rate cariers trangmitting in pardld. All these
cariers tranamit in unison usng synchronised time and frequency, forming a sngle
block of spectrum. This is to ensure that the orthogond nature of the structure is
maintained. Since these multiple carriers form a sngle OFDM transmission, they are
commonly referred to as ‘subcariers, with the term of ‘carier’ reserved for
describing the RF carrier mixing the sgna from base band. There are severd ways
of looking a what make the subcarriers in an OFDM sgnd orthogond and why this

prevents interference between them.
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211  ORTHOGONALITY

Sgnds are orthogond if they are mutudly independent of each other. Orthogondity
is a property that alows multiple information signds to be tranamitted perfectly over
a common channedl and detected, without interference. Loss of orthogondity results
in blurring between these information sSgnds and degradetion in communications.
Many common multiplexing schemes ae inherently orthogond. Time Divison
Multiplexing (TDM) dlows trangmisson of multiple informaion dgnds over a
dngle channd by assgning unique time dots to each separate information sgnd.
During each time dot only the sgnd from a sngle source is transmitted preventing
ay interference between the multiple information sources. Because of this TDM is
orthogond in nature. In the frequency domain most FDM systems are orthogond as
each of the separate transmisson sgnds are wdl spaced out in frequency preventing
interference.  Although these methods are orthogona the term OFDM has been
reserved for a specid form of FDM. The subcarriers in an OFDM signd are spaced
as close asistheoretically possible while maintain orthogondity between them.

OFDM achieves orthogondity in the frequency doman by dlocaiing each of the
separate information sgnas onto different subcarriers. OFDM  sgndls are made up
from a sum of snusoids, with each corresponding to a subcarier. The baseband
frequency of each subcarrier is chosen to be an integer multiple of the inverse of the
symbal time, resulting in dl subcariers having an integer number of cycles per
symbol. As a consequence the subcarriers are orthogond to each other. Figure 2-1
shows the congtruction of an OFDM signa with four subcarriers.
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Figure 2-1, Time domain construction of an OFDM signd.

(1a), (2a), (3a) and (4a) show individua subcarriers, with 1, 2, 3, and 4 cycles
per symbol respectively. The phase on al these subcarriers is zero. Note, that
each subcarrier has an integer number of cycles per symbol, making them
cyclic. Adding a copy of the symboal to the end would result in a smooth join
between symbols. (1b), (2b), (3b) and (4b) show the FFT of the time
waveformsin (1a), (2a), (3a) and (4a) respectively. (4a) and (4b) shows the
result for the summation of the 4 subcarriers.
Sets of functions are orthogond to each other if they match the conditions in
equation (2-1). If any two different functions within the st are multiplied, and
integrated over a symbol period, the result is zero, for orthogona functions. Another
way of thinking of this is that if we look a& a meatched receiver for one of the
orthogond functions, a subcarrier in the case of OFDM, then the receiver will only
see the reault for that function. The results from dl other functions in the set integrate
to zero, and thus have no effect.
T iC i=]
s (t)s (t)dt = 2-1
Equation (2-2) shows a st of orthogona snusoids, which represent the subcarriers
for an unmodulated redd OFDM signdl.

sk(t):‘is'n(%fot) 0<t<T k=12..M 02

0 0 otherwise
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where f, is the carier spacing, M is the number of cariers, T is the symbol period.
Snce the highest frequency component is Mf, the transmisson bandwidth is

dsoMf .

These subcariers are orthogona to each other because when we multiply the
waveforms of any two subcarriers and integrate over the symbol period the result is
zero. Multiplying the two dne waves together is the same as mixing these
subcarriers. This results in sum and difference frequency components, which will
dways be integer subcarier frequencies, as the frequency of the two mixing
subcarriers has integer number of cycles. Since the system is linear we can integrate
the result by taking the integrd of each frequency component separately then
combining the rewults by adding the two sub-integrds. The two freguency
components after the mixing have an integer number of cycles over the period and so
the sub-integrd of each component will be zero, as the integrad of a snusoid over an
entire period is zero. Both the sub-integrals are zeros and so the resulting addition of
the two will dso be zero, thus we have established that the frequency components are
orthogond to each other.

212 FREQUENCY DOMAIN ORTHOGONALITY

Another way to view the orthogondity property of OFDM gignds is to look at its
spectrum. In the frequency domain each OFDM subcarrier has a snc, sin(x)/x,
frequency response, as shown in Figure 2-2. This is a rexult of the symbol time
corresponding to the inverse of the carier pacing. As far as the recaver is
concerned each OFDM symbol transmitted for a fixed time (Trer) With no tapering at
the ends of the symbol. This symbal time corresponds to the inverse of the subcarrier
spacing of 1UTeer Hz 1. This rectangular, boxcar, waveform in the time domain
results in a sinc frequency response in the frequency domain. The sinc shape has a
narow man lobe, with many sde-lobes that decay dowly with the magnitude of the
frequency difference awvay from the centre. Each carier has a pesk at the centre

frequency and nulls evenly spaced with a frequency gap equa to the carrier spacing.

1 oFbm signals typicaly use a time domain guard period. This guard period extends the length of the
transmitted OFDM symbol, but is removed at the receiver (see section 2.3). Asaresult we can ignoreits effect on
the spectrum seen by the receiver.
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The orthogona nature of the transmission is a result of the peak of each subcarrier

corresponding to the nulls of al other subcarriers. When this sgnd is detected using
a Discrete Fourier Trandform (DFT) the spectrum is not continuous as shown in
Figure 2-2 (a), but has discrete samples. The sampled spectrum are shown as ‘0's in
the figure. If the DFT is time synchronised, the frequency samples of the DFT
correspond to just the pesks of the subcarriers, thus the overlapping frequency region
between subcarriers does not affect the receiver. The measured peaks correspond to
the nullsfor dl other subcarriers, resulting in orthogondity between the subcarriers.
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Figure 2-2, Frequency response of the subcarriers in a 5 tone OFDM signal.

(script 0006)

(@) shows the spectrum of each carrier, and the discrete frequency samples seen
by an OFDM receiver. Note, each carrier is sinc, sin(x)/x, in shape. (b) Shows
the overall combined response of the 5 subcarriers (thick black line).

2.2 OFDM GENERATION AND RECEPTION

OFDM dgnds are typicdly generated digitdly due to the difficulty in cregting large
banks of phase lock oscillators and receivers in the andog domain. Figure 2-3 shows
the block diagram of a typicd OFDM transceiver. The transmitter section converts
digitd data to be trangmitted, into a mapping of subcarrier amplitude and phase. It
then transforms this spectrd representation of the data into the time domain usng an
Inverse Discrete Fourier Trandform (IDFT). The Inverse Fast Fourier Transform
(IFFT) peforms the same operations as an IDFT, except that it is much more
computetionally  efficiency, and so0 is used in dl practicd sysems In order to
transmit the OFDM dgnd the cdculated time doman dgnd is then mixed up to the
required frequency.
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The recaeiver performs the reverse operation of the transmitter, mixing the RF signal
to base band for processing, then using a Fast Fourier Transform (FFT) to analyse the
sgnd in the frequency domain. The amplitude and phase of the subcarriers is then
picked out and converted back to digital data.

The IFFT and the FFT are complementary function and the most appropriate term
depends on whether the dgnd is being received or generated. In cases where the
sgnd is independent of this digtinction then the teem FFT and IFFT is usd
interchangeebly.

| Carrier |
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I I I I A
[ Serial > Modulation | ] Guz_ard —»| Frame RF |
“saia 7 | Mapping IFFT|q | Period | | Sync | q | Modulator |~
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Figure 2-3, Block diagram showing a basic OFDM transceiver.

221  SERIAL TO PARALLEL CONVERSION

Data to be trangamitted is typicdly in the form of a serid data stream. In OFDM, each
symbal typicdly tranamits 40 - 4000 bits, and so a serid to parald converson stage
is needed to convert the input serid bit stream to the data to be transmitted in each
OFDM symbol. The data dlocated to each symbol depends on the modulation
scheme used and the number of subcarriers. For example, for a subcarrier modulaion
of 16-QAM each subcarrier carries 4 bits of data, and so for a transmission usng 100
subcarriers the number of bits per symbol would be 400.

For adaptive modulation schemes such as described in section 4.2, the modulation
scheme used on each subcarrier can vary and so the number of bits per subcarrier

22



Chapter 2 Basic Principles of OFDM

adso varies. As a result the serid to pardld converson sage involves filling the data
payload for each subcarrier. At the receiver the reverse process takes place, wth the
data from the subcarriers being converted back to the origind serid data stream.

When an OFDM trangmisson occurs in a multipath radio environment, frequency
sdective fading can result in groups of subcarriers being heavily atenuated, which in
turn can result in bit errors. These nulls in the frequency response of the channd can
cause the information sent in neighbouring cariers to be destroyed, resulting in a
clusering of the bit errors in each symbol. Most Forward Error Correction (FEC)
schemes tend to work more effectively if the errors are spread evenly, rather than in
large clugters, and s0 to improve the peformance most systems employ data
scrambling as pat of the serid to pardld converson stage. This is implemented by
randomisng the subcarrier dlocation of each sequentid data bit. At the receiver the
reverse scrambling is used to decode the sgna. This restores the origind sequencing
of the data bits, but spreads clusters of bit errors so that they are approximately
uniformly digtributed in time. This randomisation of the location of the bit erors
improves the performance of the FEC and the system asawhole.

222 SUBCARRIER MODULATION

Once each subcarrier has been dlocated bits for transmission, they are mapped using
a modulation scheme to a subcarrier amplitude and phase, which is represented by a
complex Inphase and Quadrature-phase (1Q) vector. Figure 2-4 shows an example
of subcarrier modulation mapping. This example shows 16-QAM, which maps 4 hits
for each symbol. Each combination of the 4 bits of data corresponds to a unique 1Q
vector, shown as a dot on the figure. A large number of modulation schemes are
available alowing the number of bits transmitted per carrier per symbol to be varied.
An anayss of the performance of a range of commonly used modulaion schemes is
presented in section 2.6.
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Figure 2-4, Example |Q modulation congtellation. 16-QAM, with gray coding

Imaginary

(=]

o
ul

I-Q diagram for 16QAM

Wetooo  etoor. 1011

01100 01101 el111

00100 00101 e0111

00000 00001 0011

® 1010}

e1l110

0110

©0010

-1

-0.5 0 0.5
Real

of the data to each location. (script s0045)

Subcarrier modulation can be implemented usng a lookup table, making it very

effident to implement.

In the receiver, mapping the recaved 1Q vector back to the data word performs
subcarrier demodulation. During transmission, noise and distortion becomes added to
the sgnd due to themd noise, sgnd power reduction and imperfect channe
equdisation. Figure 2-5 shows an example of a received 16-QAM sgnd with a SNR
of 18 dB. Each of the 1Q points is blurred in location due to the channel noise. For

each recaved 1Q vector the recever has to edimate the most likely origind
trangmisson vector. This is achieved by finding the transmisson vector that is

closest to the received vector. Errors occur when the noise exceeds hdf the spacing

between the transmission 1Q points, making it cross over adecision boundary.
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Figure 2-5, 1Q plot for 16-QAM data with added noise. (script S0083)

2.2.3 FREQUENCY TO TIME DOMAIN CONVERSION

After the subcarrier modulation stage each of the data subcarriers is st to an
amplitude and phase based on the data being sent and the modulation scheme; al
unused subcarriers are set to zero. This sats up the OFDM sgnd in the frequency
domain. An IFFT is then used to convert this sgnd to the time domain, dlowing it to
be transmitted. Figure 2-6 shows the IFFT section of the OFDM transmitter. In the
frequency domain, before applying the IFFT, each of the discrete samples of the
IFFT corresponds to an individud subcarrier. Mogt of the subcarriers are modulated
with data. The outer subcarriers are unmodulated and set to zero amplitude. These
zero subcariers provide a frequency guard band before the nyquist frequency and
effectively act as an interpolaion of the sgna and dlows for a redidtic ol off in the
andog anti-aiasing recongruction filters,
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Figure 2-6, OFDM generation, IFFT stage

224 RF MODULATION

The output of the OFDM modulator generates a base band signa, which must be
mixed up to the required transmisson frequency. This can be implemented usng
andog techniques as shown in Figure 2-7 or usng a Digitd Up Converter as shown
in Fgure 2-8. Both techniques perform the same operation, however the performance
of the digitd modulation will tend to be more accurate due to improved matching
between the processing of the | and Q channds, and the phase accuracy of the digitd
IQ modulator.

| Anti-aliasing  1Q modulator

[
—

Complex
OFDM
Base Band

Q
—

Figure 2-7, RF modulation of complex base band OFDM signd, using andog
techniques.
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Figure 2-8, RF modulation of complex base band OFDM signd, using digita
techniques. (DDS = Direct Digital Synthesis)

2.2.5 REAL VERSES COMPLEX OFDM GENERATION

For most wirdess gpplications the OFDM sgnd is generated at base band using
complex samples, then modulated up to the required frequency usng an 1Q
modulator, as shown in Fgure 2-7 and Figure 2-8. The IQ modulator frequency
shifts the OFDM signd from DC to the required RF frequency, and converts the
complex sgnd into a red sgnd. A tranamitted RF sgnd is dways a red sgnd as it
is jud a vaidion in fidd intendty. It is however possble to directly generate a red
OFDM dgnd. This is useful in wired gpplications, such as ADSL. In these
gpplications the transmitted sgnd is generdly from just aove DC to an upper limit
determined by the required sgnd bandwidth. The required transmisson sgnd is a
red sgnd as only a sngle cable is used. If a complex sgnd were used then two
wires would be needed, one for thereal signd and one for the imaginary signd.

A red dgnd is equivdent to a complex base band signd, centred on DC, mixed to
the new centre frequency using an 1Q modulator:

wW
fc = ? +f off (2_3)
where f; is the frequency trandation required to shift the complex base band signal to
form the red OFDM dgnd, W is the sgnd bandwidth and f is the offset from DC,
also see Figure 2-9. In wired gpplications such as ASDL, the lower most subcarrier

is offset from DC by a smdl amount compared with the sgnd bandwidth. This
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means that the red dgnd can be generated directly using the IFFT sage ingtead of
requiring the use of an IQ modulator for frequency trandation.

w
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\ 4

OFDM
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Frequency

Figure 2-9, DC offset OFDM signal, W - bandwidth, f. - frequency offset from

DC, f. centre frequency.
Figure 2-10 shows the sat up of the OFDM signd in the frequency domain for the
generdion of a red waveform. With a red waveform the useable bandwidth of the
ggnd is only hdf the sampling frequency, and 0 to generate a red OFDM sgnd
only one hdf of the available subcarriers can be used for data modulation. To creste
a red waveform the upper frequency bins of the IFFT must be set to the complex
conjugate of the mirror of the lower half.

This can be contrasted with the congtruction of a complex base band OFDM signd as
shown in Figure 2-11. In this case dl of the frequency bins can be used for subcarrier
modulation, with the main limitation being that the outer bins must be kept as zero to
dlow recondruction of the andog dgnd, without diasng occurring. In most
gpplications the subcarrier corresponding to DC is not used. Its removad smplifies
the implementation hardware. Mos OFDM system currently using an andog base
band the same as shown in Figure 2-7. In order for the DC subcarrier to be used it
requires that the 1Q outputs are DC coupled to the 1Q mixer. This is difficult to
achieve in hardware as offset errors result in large errors in the generated 1Q vector.
Usng AC coupling reduces the complexity of the implementation and so the DC
subcarrier is usudly not used. If digitd modulation is used as shown in Fgure 2-8
then the DC subcarrier can be used.
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Figure 2-11, Congtruction of the subcarriers for complex signal representation
of OFDM signds

23 GUARD PERIOD

For a given sysem bandwidth the symbol rate for an OFDM dgnd is much lower
than a sngle carier trangmisson scheme. For example for a sngle carier BPSK
modulation, the symbol rate corresponds to the bit rate of the transmission. However
for OFDM the system bandwidth is broken up into N. subcariers, resulting in a
symbol rae that is N¢ times lower than the dngle carier transmisson. This low
symbol rate makes OFDM naturdly resstant to effects of Inter-Symbol Interference
(1S1) caused by multipath propagation.
Multipath propagation is caused by the radio transmisson sSgnd reflecting off
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objects in the propagation environment, such as wals, buildings, mountains, etc.

These multiple dgnds arive a the recaver a different times due to the transmisson
distances being different. This soreads the symbol boundaries causing energy leakage
between them. Multipath propagation is discussed in more detail in Chapter 3.

The effect of IS on an OFDM dgna can be further improved by the addition of a
guard period to the sart of each symbol. This guard period is a cyclic copy that
extends the length of the symbol waveform. Each subcarier, in the data section of
the symbal, (i.e. the OFDM symbol with no guard period added, which is equd to
the length of the IFFT Sze used to generate the sSgnd) has an integer number of
cyces. Because of this placing copies of the symbol end-to-end results in a
continuous sSgnd, with no discontinuities a the joins. Thus by copying the end of a
symbol and gppending this to the start results in a longer symbol time. Figure 2-12
shows the insertion of aguard period.

—
/ ] /
Guard I Guard
%IFFT Period IFFT output Period IFFTSS
/

| : I I 7
| ! i Time
I ! | —»
'<—>:<—>'
: Ts Teer :
>l e » <«
Symbol N-1 : Ts : Symbol N+1
Symbol N

Figure 2-12, Addition of a guard period to an OFDM signa

The totad length of the symbol is T=Tg + Tgrr, Where Ts is the totd length of the
symbal in samples, Tg is the length of the guard period in samples, and Tger isthe
Sze of the IFFT used to generate the OFDM sgndl.

In addition to protecting the OFDM from IS, the guard period dso provides
protection againg time-offset errorsin the receiver.

31



Chapter 2 Basic Principles of OFDM

231 PROTECTION AGAINST TIME OFFSET

To decode the OFDM sdignd the receiver has to teke the FFT of each received
symbol, to work out the phase and amplitude of the subcariers. For an OFDM
system that has the same sample rate for both the transmitter and receaiver, it must use
the same FFT dze a both the recaver and tranamitted sgna in order to mantan
subcarrier orthogondity. Each received symbol has Tg + Tepr samples due to the
added guard period. The receiver only needs Trrr samples of the received symbol to
decode the sgnd. The remaning Tg samples are redundant and are not needed. For
an ided channd with no delay spread (see section 3.4 for a description of delay
goread) the receiver can pick any time offset, up to the length of the guard period,
and dill get the correct number of samples, without crossng a symbol boundary.
Because of the cydic naure of the guard period changing the time offsst amply
results in a phase rotation of dl the subcariers in the sgnd. The amount of this
phase rotation is proportional to the subcarrier frequency, with a subcarier a the
nyquis frequency changing by 180° for each sample time offsat. Provided the time
offset is hed congant from symbol to symbol, the phase rotation due to a time offset
can be removed out as pat of the channd equdisation. In multipath environments
ISl reduces the effective length of the guard period leading to a corresponding

reduction in the alowable time offsat error.

232 PROTECTION AGAINST ISl

In an OFDM sgnd the amplitude and phase of the subcarrier must remain congtant
over the period of the symbol in order for the subcarriers to maintain orthogondity.
If they are not condant it means that the spectra shape of the subcarriers will not
have the correct sinc shape, and thus the nulls will not be a the correct frequencies,
resulting in Inter-Carrier Interference. At the symbol boundary the amplitude and
phase change suddenly to the new vaue required for the next data symbol. In
multipath environments IS causes spreading of the energy between the symbals,
resulting in trangent changes in the amplitude ad phase of the subcarrier a the start
of the symbol. The length of these transent effects corresponds to the delay soread of
the radio channd. The trandent sgnd is a result of each multipath component
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ariving a dightly different times, changing the received subcarrier vector. Figure

2-13 shows this effect. Adding a guard period dlows time for the trandent part of the
sgnal to decay, so that the FFT is taken from a steady dtate portion of the symbal.
This diminates the effect of ISl provided that the guard period is longer than the
dday soread of the radio channd. The remaining effects caused by the multipath,
such as amplitude scding and phase rotation ae corrected for by channd

equaisation.
No multipath
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Figure 2-13, Function of the guard period for protecting against 1S].

The guard period protects againgt transient effects due to multipath, removing

the effects of 1SI, provided it is longer than the channd delay spread. This

example shows the instantaneous phase of a single carrier for 3 symbols.
The addition of guard period removes mogt of the effects of 1Sl; however in practice,
multipath components tend to decay dowly with time, resulting in some IS even
when ardatively long guard period is used.

Figure 2-14 shows the smulated performance of an OFDM system in the presence of
datic multipath. In this case the multipath impulse response (see section 3.3 for more
detall) followed an exponentid decay with a time congant of 8 samples, resulting in
an RMS dday spread of 35 samples. Each sample in the impulse response was
complex and Gaussian digtributed. The RMS delay spread is a common parameter to
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edimate the spread of the multipath energy in time, and used to esimate the leve of
IS in gngle carier communications. Section 3.4 provides a more detaled
description of RMS ddlay spread with typica vaues for a range of environments. A
more gpproprite measure is the time over which 99% of the totd accumulated

impulse energy arrived, which in this Smulation was 16 samples.

The results shown in Figure 2-14 plot the effective SNR of the demodulated OFDM
ggnd as a function of the channd SNR. Effective SNR is used extensvely though
out this theds as a measure of the performance of the communications link. It is a
measure of the dgnal to noise ratio as seen by the OFDM recever dfter
demodulation, where the signa power is the magnitude of the wanted sgnd, and the
noise is the combined error in the received sgnd due to dl the detrimenta effects in
the sysdem induding channd noise, IMD, filtering, ISI, ICI, frequency errors, time
offset errors, channd equaisation errors, etc. The effective SNR provides a measure
of the OFDM performance, independent of the modulation scheme. Traditiondly the
BER is usad to measure the performance of a link, however in this thess OFDM is
consgdered the work with a large number of modulation schemes making BER a poor
method of measurement. The BER of any paticular modulation scheme can be
edimated from the effective SNR by finding the BER of the modulation scheme in
an AWGN channd with a SNR equal to the effective SNR (see section 2.6.9

Figure 2-14 shows the effect of multipath on the OFDM transmisson. Idedly the
effective SNR should follow the channd SNR, however detrimental effects such as
ISl lead to degraded performance. We can see from the results that as the length of
the guard period is increased the maximum effective SNR improves. For example,
the effective SNR of the OFDM dgnd only reaches a maximum of 15 dB when the
guard period length is 4 samples in length, but reaches 25 dB when a guard period of
16 samples is used. This is a result of more of the IS energy being removed by the
guard period. This shows that having a guard period (16 samples) that is more than
four times the multipeth RMS deay spread (35 samples) ill results in significant
I1SI.

The low effective SNR for when the guard period was a smilar length to the channd
RMS delay spread is fine for robust modulation schemes such as BPSK and QPSK,

but is insufficient for higher spectrd efficiency modulation schemes such as 64-
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QAM and 256-QAM. Traditiondly the RMS dday spread has been used as a
mesasure of IS and the dlowable symbol rate in a multipath environment [68], [69],
[70]. However if a higher spectra efficiency is required a more gppropriate measure
is needed. To achieve very high spectrd efficiencies an effective SNR of greater than
35 dB must be able to be reached. In this case it required a guard period of at least 64
samples in length. This length of the guard period corresponds to the time it took for
the impulse energy to decay to —35 dBc. Thus if we require a SNR of 25 dB then we
have a guard period that is at least long enough to remove dl impulse reflections that
are stronger than —25 dBc.

The lagt two results in the smulation show the performance when usng a guard
period of 64 samples, with an IFFT sze of 128, and 512. In the 128-point IFFT
gmulaion, 80 subcariers were used while in the 512-point smulation, 320
subcarriers were used, making the bandwidth of both systems the same. In order for
the OFDM carriers to remain orthogona to each other, the channe response must be
goproximately flat over the bandwidth of each subcarrier (see section 3.7.1 ). The
samulation usng 320 subcarriers divides the channd response using finer subcarriers,
and hence the variation of the channd Bding over their bandwidth of each subcarrier
is more congtant, improving the performance. The effective SNR for the 128 IFFT
gze is not limited by the guard period, but insead by poor channd equaisation
caused by an insufficient number of subcariers. For OFDM to operate effectively,
the frequency response must be gpproximady flaa over the bandwidth of a
subcarrier. If insufficient subcarriers are used then the frequency response changes
too rapidly, leading to degraded performance.
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Figure 2-14, Effectiveness of adding a guard period for remova of ISl. (script
0082)

233 GUARD PERIOD OVERHEAD AND SUBCARRIER
SPACING

Adding a guard period lowers the symbol rate, however it does not affect the
subcarrier spacing seen by the receiver. The subcarrier spacing is determined by the
sample rate and the FFT size used to andyse the received signal.

F

Df = —= (2-4)
NFFT

In Equation (2-4), Af is the subcarrier spacing in Hz, Fs is the sample rate in Hz, and
Neer IS the Sze of the FFT. The guard period adds time overhead, decreasing the
overd| spectrd efficiency of the system.
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24  BANDLIMITING OF OFDM AND WINDOWING

OFDM in the time domain is equivdent to a sum of modulated snusoidd cariers
that are each windowed in time with a rectangular window function, dso known as a
boxcar window function (see Appendix A for more details). This window defines the
boundary of each OFDM symbol, and determines the frequency response of the
generated OFDM signa. Figure 2-15 shows an example time waveform for a angle
carier OFDM trangmission usng Phase Shift Keying (PSK). The amplitude of the
subcarrier is fixed and the phase is varied from symbol to symbol to transmit the data
information. The subcarrier phase is congant for the entire symbol, resuting in a sep
in phase between symbols. These shap trangtions between symbols result in
goreading in the frequency domain. Figure 2-16 shows the spectrum of a 52
subcarrier OFDM signd (same as HiperLAN2, or IEEE802.118) with no band-pass
limiting. The out of band components only fal off dowly due to the sinc rall off of
each subcarrier. Figure 2-17 shows the spectrum of a 1536 subcarrier OFDM signd
(same as Type | DAB). The sde-lobes roll off faster than the 52-subcarrier case, as a
fraction of the sysem bandwidth. However the sde-lobes are Hill sgnificant (> -40
dBc) even fa away from the edge of the OFDM main sgnd block. These sde-lobes
increese the effective bandwidth of the OFDM ggnd, degrading the spectrd
efficiency. There are two common techniques for reducing the level of the sde-lobes
to acceptable limits, these are band pass filtering the sgnd, or adding a RC guard

period.

0 Symbol 1 1 Symbol 2 2 Symbol 3 3

Figure 2-15, Time waveform of a single carrier OFDM signa, showing 3
symbols.

Note: Each symbol has an integer number of cycles per symbol, which is
required for orthogonadity. Also there are sharp phase transients between
symbols. (script S0037)
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OFDM Spectrum, 52 subcarriers, No filtering
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Figure 2-16, Spectrum of a 52 subcarrier OFDM signa with no band-limiting.

(script S0050)

This is the same frequency response as an un-filtered HiperLAN2 signal. For
HiperLAN2 the subcarrier spacing corresponds to 3125 kHz. The DC
subcarrier has not been used, making the signal symmetrical around DC.

OFDM Spectrum, 1536 subcarriers, No filtering
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Figure 2-17, Spectrum of a 1536 subcarrier OFDM signal with no band-

limiting. (script S0050)

This is the same frequency response as an un-filtered Type | DAB signal. For
DAB the subcarrier spacing correspondsto 1 kHz.
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24.1 BAND PASSFILTERING

Whenever sgnds are converted from the digitd doman to an andog waveform for
trangmisson, filtering is used to prevent diadng occurring [120]. This effectivey
band pass filters the sgnd, removing some of the OFDM dde-lobes. The amount of
Sde-lobe remova depends on the sharpness of the filters used. In generd digita
filtering provides a much grester flexibility, accuracy and cut off rate than anadog
filters, making them especidly useful for band limiting of an OFDM sgndl.

Figure 2-18 (d) shows the frequency response of the OFDM dgnd with no filtering.
Figure 2-18 (b) - (e) shows examples of a band pass filtered OFDM sgna. These
dgnds have been filtered with a Finite Impulse Response (FIR) filter [120]
developed using the windowing method (see Appendix A). A low number of
subcarriers were used in these plots so that the roll off of the FIR filtering could be
seen. The filtering removes virtudly al of the Sde lobes, but does so a the cost of
the computational expense of implementing the FIR filtering, and it reduces the
effective SNR of the OFDM channd (see section 2.6 for caculating the BER for a
given modulation scheme and effective SNR). The act of filtering the OFDM sgnd,
chops off dgnificant energy from the outer subcariers, distorting their shape and

causng ICl.

No publications to date could be found studying the effects of band pass filtering of
OFDM dgnds, looking at the reduction in the effective SNR caused by the filtering.
Vey shap cut off filters dlow separate blocks of OFDM signds to be packed very
closdy in the frequency doman, improving the spectrad efficiency. But this tight
filtering can result in a degraded effective SNR, and o its effects must be taken into

condderation when designing a system.
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OFDM Spectrum, Filter Cutoff: 8 subcarriers, Window Func: 1.5
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Figure 2-18, Spectrum of a 20 subcarrier OFDM, with and without band pass
filtering. Centre subcarrier was not used. (script s0050)

(2) OFDM spectrum with no band pass filtering.

Filtered results were band pass filtered using an FIR filter, which was developed
using the windowing method with a Kaiser window function. See Appendix A.
(script S0050)

(b) Kaiser window width of 3 (Side lobe attenuation of 89 dB). The transition
width of the filter was 8 subcarrier spacings (24 tap FIR filter)

(c) Kaiser window width of 3 (Side lobe attenuation of 89 dB). The transition
width of the filter was 2 subcarrier spacings (96 tap FIR filter)

(d) Kaiser window width of 1.5 (Side lobe attenuation of 40 dB). The transition
width of the filter was 8 subcarrier spacings (12 tap FIR filter)

(e) Kaiser window width of 1.5 (Side lobe attenuation of 40 dB). The transition
width of the filter was 2 subcarrier spacings (48 tap FIR filter)
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24.2 COMPUTATIONAL COMPLEXITY OF FIR BAND PASS
FILTERING

Usng digitd band pass filtering is a very successful method for removing the Sde-

lobes generated by OFDM dgnds. The problem with digitd filtering is the high

computationd overhead. To implement an FIR band pass filter the number of taps

required corresponds to:

- call AV ¥ FFTQ

T (2-5)

Nta
ps :
FT (4]

where Nigps is the number of tgps in the FIR filter, Wr is the trangtion width of the
window function used to generate the FIR filter (see section A.2 in the appendix for a
decription of window functions), IFFT is the sze of the IFFT used to generate the
ggnd, and Fr is the trangtion width of the filter normdised for subcarrier pacings.
Cal isarounding toward infinity, i.e. cell(1.1) = 2.

For example, to generate the sgnd shown in Fgure 2-18 (b) requires filtering with a
24 tgp FIR filter. This can be cdculated from the dgnd specifications. The sgnd
was generated using an IFFT size of 64 and so IFFT = 64. A Kaiser window function
with a trangtion width of 3 was used. This results in a stop band attenuation of 89 dB
(see Fgure A - 5 in the gppendix). The dde-lobe power of the unfiltered OFDM
ggnd is —20 dBc and 0 dfter filtering it should be —109 dBc. This matches the
results shown in Fgure 2-18 (b). The trangtion width of the window function used
was 3.0 and so the number of taps would be:

Ny, = cail 20 _640- 5 (2-6)
e 8 g

Each tep of the FIR filter requires two Multiply and ACcumulate operations (MAC)
as a result of the complex samples, and so for a sample rate of 20 MHz the number of
caculations would be 20" 10%” 24” 2 = 960 MMAC (Million MACs).

In applications where the required number of taps in the filter is high (> 100), it is
probably more efficdent to implement it usng an FFT implementation of an FIR
filter. Another method for reducing the number of cdculaions is to implement the
filtering usng an IIR filter, however a review of the amount of IS caused by the
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non-linear phase of the filter would need further investigation.

24.3 EFFECT OF BAND PASS FILTERING ON OFDM
PERFORMANCE

In the time domain, an OFDM symbol is rectangular in shape, which corresponds to
a sinc decay in the frequency domain, as shown in Fgure 2-16. If we were to band
pess filter an OFDM ggnd with a brick wadl filter then the sgnd would become
rectangular in the frequency domain, caudng the time doman waveform to have a
sinc decay between symbols. This in turn results in 1Sl degrading the performance.
The 1S caused by the filtering can be removed by using a guard period of sufficient
length, and by choosing the time offst to synchronise in the middle of the guard
period, so that mogt of the ISl energy is removed.

Figure 2-19 shows the smulated performance of a band pass filtered OFDM sgnd,
with different trangtion widths for the filter, in a channd with no channd noise This
plot shows the peformance of the OFDM transmisson when the time
synchronisation offset was varied. The guard period used in this amulaion was of
the same length as the IFFT section of the symbol. This very long guard period was
used 0 that the effect of the time offset could be varied over a large range, while il
mantaining a time offset within the guard period. The effective SNR was cdculated
by averaging effective SNR over dl the subcariers in the transmisson. When the
time offset is O this corresponds to the recaiver taking the FFT of the IFFT section of
the transmitted sgna. When the time offset is negative this corresponds to the
receiver teking the FFT over the IFFT section and part of the symbol guard period
(see Fgure 2-20).

The lowest ISl is achieved when the time offsat is negative and hdf the guard period
length. The sharper the filter cuts off the sgnd (in the figure the sharpest filter
removes the Sde-lobes down to below —100 dBc within 2 carier spacings), the
longer the 1S1. The resdud capping of the SNR a 85 dB is caused by ICI, and
distortion of the subcarriers at the edges of the sgnd.
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Figure 2-19, Effective SNR as a function of the time offset for a band pass
filtered 52 subcarrier OFDM signdl. (script S0057)

The guard period in this test was 50% of total symbol time, thus guard period
length = useful symbal time. Carr. cutoff corresponds to the transition width of
the filter in subcarrier spacings.
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Figure 2-20, Section of the waveform that the receiver FFT is taken from

depending on the time offset.
The effective SNR of a band pass filtered OFDM signd depends on the effects of
both ISI and ICI. Figure 2-21 shows the performance of an OFDM system matching
the specifications of HiperLANZ2 or IEE802.11a. In this case 52 carriers are used, and
the guard period is 20% of the totd symbol time. The effective SNR varies with
subcarrier number as the filter distorts the response of the outer subcarriers the most.
The highest modulation scheme used in HiperLAN2 and IEEE802.11a systems is 64-
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QAM, which requires an effective SNR of greater than 26 dB. We can see from the
results in Fgure 2-21 that the effective SNR exceeds 26 dB for al cariers even
when usng a very sharp band pass filter that cuts off within one haf of a subcarier

spacing.
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Figure 2-21, Effective SNR for each subcarrier as aresult of band pass filtering.
(script S0057)

An odd number of subcarriers (53) were simulated to make the signa
symmetrical about DC. The band pass filtering was implemented using an FIR
filter based one the windowing method using a Kaiser window. Each result
shows five different sharpness of the filter (carr. cutoff).

(@) Kaiser window width of 1.5 (Side lobe attenuation of 40 dB).
(b) Kaiser window width of 3 (Side lobe attenuation of 89 dB).
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Sgnds with a larger number of carriers than the one shown in Figure 2-21, dill have
the effective SNR limited by the band pass filtering. Figure 2-22 shows the effective
SN\R for a sgnd with many subcarriers. Only the lower section is shown, as the SNR
is symmetricd about the centre subcarrier. These results can be used to etimate the
subcarier effective SNR for any szed OFDM dgnd. In this smulation the only
source of noiseisthe IS caused by the band passfiltering of the sgnd.

For example: let us assume that we wanted to know the effective SNR of the 26
subcarrier from the edge of a HiperLAN2 signa when it is band pass filtered usng a
trangtion width of 6 subcarriers and we use a Kaisr window with a window width
of 3, and a guard period of 20% is used. From Figure 2-22 (g) we can estimate the
effective SNR to be 64 dB. In a HiperLAN2 signd the 26" carrier corresponds to the
middle of the sgnd bandwidth and so it suffers from degradation from the filtering
of both edges of the sgnd in the frequency domain. This degrades the effective SNR
of the 26™ subcarrier by 3 dB, thus the resulting in an effective SNR of 61 dB. This
matches the direct smulated results shown in Figure 2-21 (b).

We can see that for each hadving of the guard period length the trangtion width of
the band pass filter must be gpproximately doubled in order to mantain the same
effective SNR. Subcariers more than 10 subcarrier spacings from the sgnd
boundary have an effective SNR of greater than 30 dB regardless of the sharpness of
the filtering provided some guard period is present. This effective SNR is sufficiently
high to support a modulation scheme up to 128-QAM with a low eror rate (see
Figure 2-31), providing that there are no other detrimental effects. For subcarriers on
the edge of the OFDM dgnd, their effective SNR can be as low as 20 dB, which
may pose asmall problem for modulation schemes above 32-QAM.

Band pess filtering of OFDM dgnds dlows the sde-lobes to be removed from an
OFDM dgnd, effectivdy reducing its bandwidth, and improving the gspectrd
efficency. It does this with little or no exira overheads in the time domain, as the
guard period is needed for protection from multipath delay spread.
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Figure 2-22, Subcarrier effective SNR, due to band pass filtering. (script S0085)

An OFDM signa with a large number of subcarriers (701) was smulated and
only the lower 100 subcarriers is show. The guard period is specified as a
percentage of the total symbol time (IFFT and the guard period)
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2.5 RAISED COSINE GUARD PERIOD

One of the smplest methods for suppressing the side-lobes of an OFDM dgnd is to
round the guard period of the OFDM Sgnd, tapering it smoothly to zero before the
next symbol. This tgpering smooths the trangtion between symbols, resulting in
reduced side-lobe power. Figure 2-23 shows the make up of a sngle OFDM symbol
with a Raised Cosne (RC) guard period. This section of the guard period is

windowed with a squared cosine shape (cos(g)?), hence the name raised cosine.

_ Flat Copy and window
Raised Guard

Cosine  Period /_\ Raised
, Cosine

Guard = ' Guard

<+,
Period ' S :
RFT section lj Period

T
> >

~_

Copy and window

Figure 2-23, Congtruction of a RC guard period.

The raised cosine section of a guard period can be overlapped with the previous and
next symbol as this section of the guard period only provides minima protection
agang multipath and timing errors, and is ignored a the recelver. Because this
section tepers to zero it results in minima  additiond 19. The man advantage of
overlgpping is that the length of the raise cosine section can be made double in length
without incurring additiond time overhead. Figure 2-24 shows a diagran of
overlapping symbols.

Raised Cosine Guard Period can
overlap with next symbol

Ter Trer

Figure 2-24, Envelope of OFDM symbols with a flat guard period and an
overlapping raised cosine guard period.

48



Chapter 2 Basic Principles of OFDM

The effect of adding a RC guard period to an OFDM sgnd was smulated to
determine the level of the out of band dde-lobes. Figure 2-25, Figure 2-26 and
Figure 2-27 shows the spectrum of OFDM sgnds with an RC guard period. The
spectrum shown has been shifted to the left so that just the upper edge of the OFDM
sgnd is shown. The results were presented in this manner to normdise them so that
the sde-lobes could be compared regardless of the number of subcarriers used in the
dgnd. In Fgure 2-25 the lower edge of the OFDM d€gnd can aso be seen. The
frequency axis has been normdised to units of subcarrier spacings.

The spectrum of an OFDM dgnd only varies dightly as the number of subcariers is
increased. The main difference occurs for the sde-lobe level when little or no RC
guard period is used. It can be seen in the gmulations that as the number of
subcarriers is increased from 20 Figure 2-25) to 4000 (Fgure 2-27) the levd of the
Sde-lobes, 200 subcarrier spacings from the edge of the sgnd, increases by abou 8
dB. Theincrease is aresult of the combined effect of dl the subcarriersin the sgnd.

In  Fgure 2-25 through to Figure 2-27 the RC guard period length has been specified
as a percentage of the flat section of the OFDM symboal, that is:

RC = 100><TG¢% (2-7)
TFFT *tlae

Where RC is the raised cosne percentage, Terc is the length of the RC guard period,
Teer IS the length of the FFT section of the symbol and Tgr is the length of the flat
guard period, see Figure 2-24. For example The IEEE802.11a standard recommends
a RC guard period of 100 ns. The useful symbol period (Terr) is 3.2 is and the tota
guard period is 800 ns. The flat section of the guard period is the tota guard period
(800 ns) minus the RC section of the symbol (100 ns), thus Tee = 700 ns. The RC
sectionisthus:

RC =100 =2 256, 2-8)
700+ 3200

From Fgure 2-25 and Figure 2-26 we can estimate that the sde-lobes will be —40
dBc gpproximatey 30 subcarriers from the edge of the sgnd. Since HiperLAN2
uses 52 ggnd subcariers (spaced at intervas of 3125 kHz) the total system
bandwidth using a threshold of —40 dBc is (2 30+52)" 3125 kHz = 35 MHz. The

49



Chapter 2

Basic Principles of OFDM

gpacing of the HiperLANZ2 channels is 20 MHz, and so a bandwidth of 35 MHz is too
high. This indicates that the addition of the RC guard period is insufficient to reduce
the side-lobes sufficiently, thus additiona band passfiltering is required.

Power (dB)

Figure 2-25, Side-lobe power for an OFDM signal with 20 subcarriers & the

OFDM Spectrum, 20 subcarriers
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OFDM Spectrum, 4000 subcarriers
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Figure 2-27, Sde-lobe power for an OFDM signal with 4000 subcarriers as the
length of the RC guard period is varied. (script S0050)

26 EFFECT OF ADDITIVE WHITE GAUSSI AN NOISE
ON OFDM

Noise exigs in dl communicaions systems operating over an andog physcd
channd, such as radio. The man sources are thermd background noise, eectrica
noie in the recever amplifiers, and inter-cdlular interference. In addition to this
noise can dso be generated interndly to the communications sysem as a result of
Inter-Symbol  Interference  (1S91), Inter-Carrier  Interference  (ICl), and Inter-
Modulation Digtortion (IMD). These sources of noise decrease the Signd to Noise
Ratio (SNR), ultimaey limiting the spectrd efficiency of the sysem. Noisg, in dl its
forms, is the man derimentd effect in mogt radio communication sysems. It is
therefore important to study the effects of noise on the communications error rate and
some of the trade offs that exigs between the level of noise and system spectrd
efficency.

Mog types of noise present in radio communication sysems can be modeled
accurately usng Additive White Gaussan Noise (AWGN). This noise has a uniform
goectrd densty (meking it white), and a Gaussan didribution in amplitude (this is

a0 refarred to as a norma digribution or bell curve). Thermd and dectrical noise
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from amplification, primarily have white Gaussan noise properties, dlowing them to
be modelled accurately with AWGN. Also most other noise sources have AWGN
properties due to the transmisson being OFDM. OFDM signals have a flat spectra
dendgty and a Gaussan amplitude distribution provided that the number of cariers is
large (grester than about 20 subcarriers), because of this the inter-cdlular
interference from other OFDM systems have AWGN properties. For the same reason
ICI, ISl, and IMD adso have AWGN properties for OFDM signals.

2.6.1 MODULATION SCHEMES

Digitd data is transferred in an OFDM link by usng a modulation scheme on each
subcarrier. A nodulation scheme is a mapping of data words to a red (In phase) and
imaginary (Quadrature) congdlation, dso known a an 1Q conddlaion. For
example 256-QAM (Quadrature Amplitude Modulation) has 256 1Q points in the
congdlation (see Table 2-2(h)), consdtructed in a square with 16 evenly spaced
columns in the red axis and 16 rows in the imaginary axis. The number of bits that
can be transferred usng a single symbol corresponds to log(M), where M is the
number of points in the congdlation, thus 256-QAM transfers 8 hits per symbol.
Each data word is mapped to one unique 1Q location in the congdlation. The

resulting complex vector | + j >xQ, corresponds to an amplitude of /1% +Q% and a
phaseof B(I + j xQ) where | =.J-1.

Increasing the number of points in the congdlation does not change the bandwidth
of the trangmisson, thus usng a modulation scheme with a lage number of
condellation points, alows for improved spectra efficiency. For example 256-QAM
has a spectrd efficiency of 8 b/gHz, compared with only 1 b/sHz for BPSK.
However, the greater the number of points in the modulation congtdlation, the harder
they are to resolve a the recever. As the 1Q locations become spaced closer
together, it only requires a smdl amount of noise to cause errors in the transmisson.
This results in a direct trade off between noise tolerance and the spectrd efficiency
of the modulation scheme and was summarised by Shannon's Information Theory
[53], which dates that the maximum capacity of a channd of bandwidth W, with a
sgnd power of S perturbed by white noise of average power N, is given by
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C =Wlog,&+>9 (2-9)

The spectrd efficiency of a channel is a measure of the number of bits transferred per
second for each Hz of bandwidth and thus the spectrd efficiency S isgiven by

= log, &+ > (2-10)

where both the sgna and noise is liner scale, and the spectra efficiency is
measured in b/sHz. If the SNR is sgnificantly higher than one then each doubling of
the sgnd power (a3 dB increase) the idedl spectrd efficiency increasesby 1 b/sHz

26.2 OFDM VERSES SINGLE CARRIER TRANSMISSION

The BER of an OFDM system is dependent on severd factors, such as the
modulation scheme used, the amount of multipath, and the leve of noise in the
sgnd. However if we look a the performance of OFDM with jus AWGN then the

performance of OFDM is exactly the same as tha of a sngle carier coherent

transmisson using the same modulation scheme.

If we look at just a sngle OFDM subcarrier (Since the subcarriers are orthogona D
each other, this does not effect the performance in any way) then this is exactly the
same as a sngle carrier transmisson tha is quadrature modulated with no band pass
filtering. The transmitted amplitude and phase is held congant over the period of the
symbol and is s&t based on the modulation scheme and the transmitted data This
transmitted vector is then updated at the start of each symbol. This results in a sinc
frequency response, which is the required response for OFDM.

The optimd recaver for such a sngle carier transmisson is to use a coherent
meatched recalver, which can be implemented by mixing the sgnd to DC usng an IQ
mixer. This results in an 1Q output that describes the amplitude and phase of the
recelved modulated carrier. The amplitude and phase of the transmitted sgnd is
constant over the symbol period, and so the optimad method of removing the most
noie from the dgnd is to use an integrate-and-dump filter. This filter averages the
recaved 1Q vector over the entire symbol, then performs 1Q demodulation on the

average.
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The demodulation of an OFDM sgnd is peformed in exactly the same manner. In
the recaver a FFT is used to estimate the amplitude and phase of each subcarrier.
The FFT operation is exactly equivaent to IQ mixing each of the subcarriers to DC
then aoplying an integrate-and-dump over the number of samples in the FFT. From
this we can see that the FFT performs the same operation as the matched receiver for

the Sngle carrier transmission, except now for abank of subcarriers.

From this we can conclude that in AWGN, OFDM will have the same performance

asasngle carier tranamisson with no band limiting.

However, most propagaion environments suffer from the effects of multipath
propagation. For a given fixed transmisson bandwidth, the symbal rate for a single
carier transmisson is very high, where as for an OFDM sgnd it is N times lower,
where N is the number of subcariers used. This lower symbol rate results in a
lowering of the IS. In addition to lowering of the symbol rate, OFDM systems can
adso use a guard period at the start of each symbol. This guard period removes any
IS shorter then its length. If the guard period is sufficiently long, then dl the IS can
be removed.

Multipath propagation resuts in frequency sdective fading (see section 3.6 for more
details) that leads to fading of individud subcarie'ss Mot OFDM  sysems use
Forward Error Correction to compensate for the subcarriers that suffer from severe
fading. The adaptive modulation scheme proposed in section 4.2 matches the
modulation scheme of each subcarrier to its SNR. The additiond spectrd  efficiency
of those subcarriers that have a SNR greater than the average (due to constructive
interference) tends to compensate for subcarriers that are subjected to fading
(degtructive interference). As a result of this the performance of such an OFDM
sysgem in a multipath environment is dmilar to its peformance in an AWGN
channd. The performance of the OFDM system will be primarily determined by the
noise seen a the receiver. However, the peformance of a single carier transmisson
will degrade rapidly in the presence of multipath.
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2.6.3 MODULATION LIMITATIONS OF SYSTEMS

Most current mobile communication sysems, specificdly GSM, 1S-95, and 3rd
Generation Systems, only use modulation schemes with a high noise tolerance, such
as BPSK, QPSK or dgmilar. This results in a low spectrd efficiency, but gives
improved robusiness. These sysems use fixed modulation schemes due to the

problems with obtaining ahigh SNR.

The symbol rate of sngle carier sysems has to be high if they are to obtain a high
bit rate, and as a result, systems such as GSM require complex equalisation (up to 4
symbol periods) to cope with multipath propagation. GSM systems are designed to
cope with a maximum delay spread of 15 s, which corresponds to the typica delay
Soread experienced a a transmisson distance of 30 - 35 km. The symbal rate for
GSM is 270 kHz corresponding to a symbol period of 3.7 ns, thus ISI caused by the
multipath gpans over 4 symbol periods. This would normaly completely destroy the
trangmitted information, but is recovered in practice by usng complex adgptive
equdisation. Although this works for robust modulation schemes such as Gaussan
Minimum Shift Keying (GMSK) [22], [23] as used in the GSM system, it is difficult
to successfully apply to higher modulation schemes, as the reddud erors in the
equalisation will cause ahigh error rate.

In DS-CDMA sysems the problem is not primarily limited by multipath, but instead
inter-user interference. DS-CDMA systems utilise the fact that by spreading the user
information over a wide bandwidth it allows multiple users to tranamit a the same
frequency [26], [27]. Each of these users soread the information dgnd by
multiplying it by a unique higher speed Pseudo Random Sequence (PRS). At the
receiver the sgna from each user is extracted by multiply the by the same PRS and
integrating over the period of an information symbol. This process is however non
orthogond in the reverse link, resulting in users gppearing as noise to each other. The
sysem capacity is maximised when the number of usars is maximised, resulting in
veay high levels of noise This results in the system typicdly operating a an Energy
per Bit to Noise Ratio (EBNR) of around 5 - 8 dB after demodulation. This rules out

the use of high spectra efficiency modulation schemes since the SNR istoo low.
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OFDM on the other hand, minimises both of these effects. Multipath is minimised by
usng a low symbol rate and the use of a guard period. Equdisation of the channd
can be eadly achieved through the use of pilot symbols and or pilot tones. This type
of equdisdion is accurate and results in minimd resdud error, thus dlowing a high
average SNR. Additiondly, users in OFDM are kept orthogond to each other, by use
of time dvison multiplexing or synchronised frequency divison multiplexing,
minimisng inter-user interference. Both these advantages mean that a high effective
channd SNR can be mantaned even in a multiuser, multipeth environment. This
potentia for a high SNR means thet high modulation schemes can be used in OFDM
systems, dlowing for improved system spectrd efficiency.

Additiondly each subcarrier can be dlocated a different modulation scheme based
on the measured channe conditions. These measurements can be eadly obtained as
pat of the channd equdisaion dsep, dlowing subcariers to be dynamicdly
alocated modulation schemes based on the SNR of each subcarrier. These variations
in SNR arise due to inteference, transmisson distance, frequency sdective fading,
efc. This technique is known as adaptive modulation and is presented in section 4.2.
Those subcarriers with a low SNR can be dlocated to use BPSK (1 b/s/Hz) or to
transmit no data a al. Subcarriers with a high SNR can transmit higher modulation
schemes such as 256-QAM (8 b/sHz) dlowing a higher sysem throughput. The
modulation dlocation is flexible in OFDM systems dlowing them to be optimised to
loca current conditions, rather than having to dways use a low modulation scheme

just to ensure the system operates during worst-case conditions.

264  SIMULATION SET UP

The effect of AWGN on OFDM was smulated for a wide range of subcarrier
modulation schemes. The 1Q diagrams are shown in Table 2-2. The lower dengty
modulation schemes show the data mapping used.

The results presented show the BER performance as a function of the channe SNR.
Other smulations in this theds, present the performance of OFDM under a range of
detrimental  effects. These dImulations messure the peformance by finding the
effective SNR of the chand ingead of the BER. These samulaions show the

communication performance that corresponds to an equivdent AWGN SNR. The
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results presented in this section can then be used to predict the BER for the particular
modulation scheme used.

The symbol eror rate of most common modulation schemes has been derived in
dgebrac form [117]. However, the derivation of the BER is difficult due to
possihility of multiple bit errors per symbol. Additiondly the BER for only square
QAM modulation schemes, such as 16-QAM, 64-QAM, 256-QAM, etc, can be
cadculated directly. To overcome this problem the BER performance of OFDM was
obtained by usng dmulation. There ae four man categories of modulation
presented, which are, coherent QAM, coherent PSK, differentid QAM, and
differentid PSK.

265  GRAY CODING

The IQ plot for a modulation scheme shows the tranamitted vector for dl data word
combinations. Each data word combination must be alocated a unique 1Q vector.
Gray coding is a method for this dlocation so that neighbouring points in the
congdlation only differ by a dngle bit. This coding hdps to minimise the overdl bit
eror rate as it reduces the chance of multiple bit errors occurring from a single
symbol error. Figure 2-28 shows an example of gray coding for 16-PSK. Equation
(2-11) shows the sequencing for gray coding in decima format.

Gray coding can be used for & PSK modulation schemes (QPSK, 8PSK, 16-PSK,
etc), and square QAM (16-QAM, 64-QAM, 256-QAM, etc). For square QAM each
axis is mapped separately usng gray coding.

G, ={0.3

G,={0132
G,={0,1326,7,54 (2-112)

Gui={G L 23....2") G,[2",2v-12"- 2., 1)+2"}
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Decimal Gray Coding Decimal Gray Coding
0 0,0,0,0 8 1,100
1 0,0,0,1 9 1,101
2 0,011 10 1,111
3 0,0,1,0 1 1,110
4 0,110 12 1,010
5 0,111 13 1,011
6 0,1,01 14 1,001
7 0,1,0,0 15 1,000

Table 2-1, 4 bit Gray coding in binary

0,1,1,0 *Imaginary
0,0,1,0

0,1,0,1

0,1,0,0

1,1,0,0

1,1,0,1

1,1,1,1

1,0,1,0

Figure 2-28, 1Q plot of 16-PSK using gray coding. Note that each successive 1Q
location changes by only a single bit.
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1-Q diagram for 8PSK
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26,6  COHERENT MODULATION

Coherent modulation is achieved by tranamitting the IQ congtelation data vectors
with absolute phase angles, i.e. if BPSK was used then 0° or 180° would be
transmitted. At the receiver it would compare the received phase to O or 180°. Phase
rotations and amplitude scding (important for QAM), greetly increase the error rate,
or completely destroy al communications. This problem is however overcome by
usng chaned egudisaion to remove this scding of the channd  before
demodulation. The phase rotation of the channd and the amplitude scding is
measured udng pilot symbols and pilot tones, which contan a known 1Q
transmisson vector. In a datlic channd with no movement, the response of the
channel will be constant, and thus once measured and corrected for, data can be sent
reliably. However in most gpplications radio channels are non-datic. Frequency
sdective fading cause complete fades in the spectrum approximately once every
wavelength of movement, causng the response of the channed to change rapidly
during movement. Tracking of the channd requires continud updates in the channd
equdisation, thus regular pilot symbolstones must be inserted into the transmisson.
The greater the number of pilot Sgnds the faster the channe tracking rate, however
this dso causes dsignificant overheed. A more detailed andlysis of the effectiveness of
pilot tones in channels effected by AWGN can be found in section 2.7, page 69.

2.6.7 DIFFERENTIAL PHASE MODULATION

Ancther common method for subcarrier modulation is to send the deta differentidly.
Ingead of each symbol being independent of each other, the transmitted information
is st as a difference between symbols vectors. Differentid Phase Shift Keying
(DPK) is the most common method of sending differentid information. Instead of
mapping data to an absolute phase angle, as in the case of coherent modulation,
DPSK maps the data to a phase difference between symbols. The transmitted phase
corresponds to the cumulative sum of the phase differences. For example, for
differentidl QPSK each symbol transmits 2 bits of information, corresponding to 4
different phase differences. Table 2-2(b) shows the 1Q diagram for coherent QPSK.
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D-QPSK has the same 1Q diagram except that each data combination corresponds to
a phase difference. The most obvious method for dalocating word combingtions to
phase differences, is to linearly map the binary word combinations to a linear phase
difference, as shown in Table 2-3. For example, if the data to be transmitted is {1,0
11 0,0 0,1} then the differential phase would be {180°, 270°, @, 90°}, thus if the
darting phase is 0° then the transmitted phase would be {180°, 180°+270° = 90°,
(90°+0°) = 90°, (90°+90°) = 180°} .

In a noisy channd phase errors can result in the received phase being closer to the
next or previous phase difference combinaions, causng a symbol error. The number
of bits in error depends on the data word mapping. Linear mapping is not optima as
a wrgp around error from 270° to O° causes a double bit error (1,1) to (0,0). By using
gray coding, the number of hit errors can be reduced by ensuring that the phase-
difference combinations that are closest to each other, only differ by a sngle hit in
the data word.

DataWord Phase Difference  Phase Difference

(linear mapping) (gray coding)
00 0° 0°
01 o0° Q°
10 180° 270°
11 270° 180°

Table 2-3, Phase mapping for differential QPSK.

This shows two options for alocating data word combinations to the transmitted

phase difference.
Differentid modulation has the advantage of cancelling out channe phase rotetions,
ediminating the need for additiond channd equdisation. Additiondly the phase
tracking of the channd is effectively updated a the symbol rate, thus tracking the
channd vey quickly. Differentid moduletion is thus highly suited to mobile
communication. The disadvantage of differentid modulaion is the limited range of
modulation schemes, and that it requires about 3 dB higher SNR than coherent
modulation. The output symbol phase corresponds to the phase difference between
the present and previous symbols, and as a result the symbol noise is doubled
(degrading the performance by 3 dB) compared with the phase noise of a sngle
symbal (as used in coherent modulation).
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2.6.8 DIFFERENTIAL QAM

Differentid mapping can be gpplied to QAM modulation, with some limitations. For
differentid modulation to work, the mapping of the data to modulation domain must
wrap. For example with differentid PSK the transmitted phase is found by mapping
each data word to a phase from 0 to 2o, then integrating this mapping from symbol to
symbol. The phase wraps in a circular fashion as it is condrained to the range O to
2p. The receiver decodes the phase by taking the phase difference between symboals.
To achieve this type of mapping with a QAM scheme the input data can be split into
two data streams of N/2 bits each per symbol, where N is the number of bits per
symbol. The number of bits per symbol must be even and so this mapping can only
be done for square QAM mapping such as 16-QAM, 64-QAM, etc. Each N/2 bit data
sream is mapped to the (1) red and (Q) imaginary axes to form the resulting
trangmitted vector. Because the sgnd is differentid modulated each axis is modulo
integrated from symbol to symbol. Figure 2-29 shows an example of differentid
QAM. If we examine just one axis, then if the data to be transmitted was. {1, 2, 0, 3,
1}, and we started with a eference of O, then the differentially encoded signd can be
found by taking the cumulative sum of the data words {1, 3, 3, 6, 7} then modulo
wrapping it to the bounds 0 to 3, resulting in {1, 3, 3, 2, 3}. The recalver decodes this
by teking the difference, {1, 2, 0, -1, 1}, remembering that the reference a the start
was 0, then wrapping from 0 to 3, resultingin{1, 2, 0, 3, 1}.

A Imaginary
[ ] [ ] [ ] [ ]
003 1,3 |23 33
[ ] [ ] [ ] [ ] 4
0,2 1,2 |22 32 > | Redl
[ ] [ ] [ ] [ ]
01 11 |21 31
o o o o
00 1,0 |20 30
>

- )

Figure 2-29, IQ data mapping for differential 16-QAM.

Datais split in two equa numbers of bits, then modulo integrated from symbol
to symbol. Each number represents 2 bits (0 - 3) with each pair being 4 hits.
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Coherent Quadrature Amplitude Modulation
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Coherent Phase Shift Keyiing
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Differential Phase Shift Keyiing
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Figure 2-30, Bit Error Rate verses the Energy per Bit to Noise Ratio for a
selection of OFDM modulation schemes. (script S0041)

The number matching each line on the plot corresponds to the modulation
scheme. For example, for part (€) the numbers 8, 16, 32, etc correspond to D-
8PSK, D-16PSK, and D-32PSK, where D means differential.

269  SIMULATION RESULTS

The dmulated peformance for the modulation schemes tested is shown in Figure
2-30. These show the BER as a function of the Energy per Bit to Noise Ratio
(EBNR). This is a measure of the energy efficiency of a modulaion scheme. If a
higher EBNR is needed to trandfer data for a given modulation scheme, then it means
that more energy is required for each bit transfer. Low spectrd efficiency modulation
schemes, such as BPSK and QPSK, require a lower EBNR, and hence are more
energy efficient. For a power limited sysem, with unbounded bandwidth, the
maximum data rate could be achieved usng BPSK or QPSK. However, in most
goplications the avaladle bandwidth is the limiting factor and s0 the data rate is

maximissd by usng a more sSpectrdly efficent modulation schemes such as 256-
67



Chapter 2 Basic Principles of OFDM
QAM. The BER verses the SNR can be caculated from EBNR shown on the plots in

Figure 2-30. The SNR for each modulation takes into account the number of bits per

symbol, and so the signal power corresponds to the energy per bit times the number
of bits per symboal. In log scde the SNR for a given EBNR can be found with:

SNR=10%o0g,,(N,)+ EBNR,,

where SNR is in dB, N, is the number of bits per symbol for the modulation scheme
and EBNRgs is the EBNR in dB. For example, for 256-PSK the number of bits
transferred per symbol is 8 hits'symbol and thus the SNR is 10.log10(8)+EBNR, thus
for an EBNR of 40 dB, the SNR is49 dB.

Figure 2-31 shows a comparison between al of the modulation £hemes smulated. It
shows the required SNR for a fixed BER of 1 10°. Coherent QAM performs best
requiring the lees SNR, while differentid PSK is the word. Also shown is
Shannon’s limit, which represents the lowest possble SNR for a given spectrd
efficiency over which zero eror communications can occur. In order for a
communication sysem to approach Shannon's limit powerful forward error
correction coding techniques must be used. For the BER shown coherent QAM is
gpproximately 7.5 dB worse than Shamnon’s limit. For QAM the required SNR for a
fixed BER increases by gpproximately 3 dB for each additional 1 b/SHz in spectrd
efficiency, which matches the same dope as Shannon's limit. In comparison, for
PSK the required SNR increases by 6 dB for each aldition 1 b/SHz resulting in the
cgpacity of PSK modulation techniques being agpproximatdy haf tha of QAM for
the same SNR. The low efficiency of PSK is a result of under utilisation of the 1Q
vector space. PSK only uses the phase angle to convey informetion, with amplitude
being ignored. QAM uses both amplitude and phase for information transfer and so
ismore efficient.
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Figure 2-31, SNR required to maintain a BER of < 1x10°, for dl the smulated
modulation schemes. (script S0046)

Also shown is Shannon’'s Limit. Note that the dope for QAM is 3 dB per
bit/Hz/sec, whereas for PSK it is 6 dB per bit/Hz/sec.

2.7 EFFECT OF PILOT SYMBOL CHANNEL
EQUALISATION IN COHERENT MODULATION

Coherent modulation schemes rely on channd equdisation to compensate for phase
rotations and amplitude scaing. Without equalisation, the error rate is excessvely
lage making communications impossble The effectiveness of the channd
equalisation depends on the accuracy of the channd characterisation measurements.
However, these measurements are subjected to the same channd noise as the data
trangmisson, rexulting in measurement noise This noise can be minimised by
dlocating more energy to the pilot tones / symbols, which can be achieved by
increesng the relative power of the pilot tones / symbols or by averaging multiple
pilot symbals.

Averaging multiple pilot symbols dlows the noise on the channd measurements to
be made abitrarily smal, by increesing the number of symbols averaged over.

However the greater the amount of averaging the larger the overhead used by the
channdl characterisation. This limits the dlowable characterisation rate for a fixed
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amout of overheed, effectivdy determining the maximum veocity of movement
that the system can handle,

A better method for minimisng the noise on the chand chaacterisation is to
increase the tranamitted power for the pilot symbols. However care must be taken
when increesng the power of the pilot symbols as it can result in excessve
digortion. This will lead to inter-modulation digortion products limiting the effective
SNR, defeting the origind purpose. This problem can be minimised by using pilot
symbols that have a low Crest Factor (CF). See section 6.1 for information about the
CF of sgnds. The CF of random data words is very high, typicdly 8 - 10 dB, with a
worst case of 10logio(N) where N is the number of subcarriers (see Figure 6-4).
Because of this the average transmitted power is usudly 8 - 10 dB lower than the
peek output power of the transmitter to prevent clipping (see section 2.8). This can
be exploited as it dlows a low CF pilot symbol to be boosted in power without
causng any clipping. Chapter 6 outlines severa methods for generating low CF pilot
symbols, and shows that Genetic Algorithms (GA) can be used to produce pilot
symbols with a CF of less than 1 dB. This dlows the pilot symbol to be boosted in
power by 3 - 6 dB, compaed with data symbols. This will give the same
performance as sending 2 - 4 pilot symbols, with a symbol power equd to the data
symbols.

Table 2-4 shows the detrimental effects of channd measurement noise on the BER
for different modulation schemes. The noise in the channd characterisstion means
that to achieve the same BER performance as with perfect characterisation, the SNR
must be higher. When only a single pilot symbol is used the noise performance is
about 3 dB worse, which is amogt exactly the same as the performance loss when
usng differentid modulation. The SNR peformance loss reduces dmost
proportionaly with the number of pilot tones, thus the loss when using 4 pilot tones
is 4 times lower (in dB). For example from Table 2-4(b) a a BER of 1x10* the
performance loss when usng only a single pilot symbol is 24 dB, when four
symbols are used the loss reduces to 0.6 dB.

From the smulated results a single low CF pilot symbol with a boosted power of 6
dB would result in the performance loss due to imperfect channd characterisation of

0.1 dB to 0.9 dB depending on the modulation scheme.
70



Chapter 2 Basic Principles of OFDM

Number of BER BER BER BER
Pilot Symbols 1102 1710° 1710* 17 10°
1 155 12 1 08
2 06 035 02 015
3 03 02 015 015
4 0.2 0.15 0.1 0.1
(@ BPK
Number of BER BER BER BER
Pilot Symbols 1102 1710° 1710* 17 10°
1 25 24 24 235
2 13 13 12 12
3 085 08 08 07
4 0.65 06 06 045
8 0.35 0.3 0.3 0.2
(b) QP
Number of BER BER BER BER
Pilot Symbols 1102 1710° 1710* 17 10°
1 27 295 305 32
2 15 1.65 17 175
3 1.05 11 115 115
4 08 085 085 0.85
8 04 045 04 04
(©) 16QAM
Number of BER BER BER BER
Pilot Symbols 1102 1710° 1710* 17 10°
1 2.85 315 34 36
2 16 17 19 2.05
3 11 12 13 14
4 085 09 095 1
8 045 045 05 045
(d) 64-QAM
Number of BER BER BER BER
Pilot Symbols 1102 1710° 1710* 17 10°
1 295 33 36 375
2 17 1.85 2.05 2.25
3 1.25 13 135 15
4 09 095 1.05 11
8 045 05 05 055
(e) 256-QAM

Table 2-4, SNR degradation in dB due to imperfect channel estimation.

Pilot symbols were used to perform channel estimation. These pilot symbols are
subject to channd noise and thus result in imperfect channel estimation and an
increase in the BER. The tables show degradation in SNR (i.e. need a higher
SNR for the same error rate) as compared with perfect channd estimation.
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These results were obtained by smulating the OFDM transmission using
different number of reference symbols. The total number of bits ssimulated was
7 10°. (BER simulations were performed using script s0041_ofdmber, and the
tables generated using S0042_ref _degradation)

2.8 EFFECT OF DISTORTION ON OFDM

One of the problems with OFDM s that the sgna has a high peak power compared
with its average power. When an RF carier is modulated with an OFDM sgnd it
reaults in a dmilar variaion in power of the carier enveope. This results in the
requirement that the dgnd is amplified and trangmitted in a liner way. It is very
difficult to mantain a high degree of linearity a high power levels, and so most of
the digortion in a radio transmisson usudly occurs in the power amplifier of the
transmitter. Some additiond distortion can occur in the recaver if it is not desgned
properly, but in generd it is reaively easy to keep the levd of digortion in the
recaver dgnificantly lower than the trangmitter. Digtortion in the transmitter causes
the most problems in the transmisson chain, as it can result in spectra Spreading,
which can cause interference to neighbouring sysems in RF frequency. For this
reason we will focus on the effects of digtortion in the tranamitter.
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Figure 2-32, Effect of distortion on a 2 tone signal, showing harmonics and
IMD. (script S0049)

72



Chapter 2 Basic Principles of OFDM
Nortlinearities in the transmisson result in two man digortion products, Inter-

Modulation Digortion (IMD) and hamonics. Figure 2-32 shows the effect of
clipping digortion on a 2-tone sgnad. OFDM dgnas are made up from a large

number of subcarriers resulting in many distortion products.

Harmonics result in frequency components at X times the RF carier frequency,
where X is an integer. Thus if we have a 900 MHz RF carier the harmonics will
occur at 1800 MHz, 2.7 GHz, etc. Hamonics can essly be removed usng a
relatively smple low passfilter on the output of the tranamitter.

IMD is much more of a problem as it results in distortion components, which are in-
band and out of band but close to the man transmisson. These components are a
result of mixing between esch of the harmonics of the system, and subsequent
mixing between the IMD products. In-band components result in added noise to the
OFDM dgnd a the recaver, effectively limiting the SNR of the system, even in the
absence of other sources of noise. Out of band components spread the signa in
bandwidth, resulting in potentid interference with other radio communications in
neighbouring frequency bands. Even if the sgnd is pefectly band-limited before
going to the transmitter power amplifier, spectra spreading will occur if the power
amplifier is non-linear. Spectrd spreading can be dightly reduced by usng andog
band pass filters after the power amplifier, however these will generdly not have a
sharp roll off because they are operating at the RF frequency.

The effect of digortion on OFDM transmissions has previoudy been studied by [54]-
[56]. In [54] the effect of three diffeeent amplifier disortion modds on the
performance of DAB transmisson is compared. The amplifier modes compared are
a Solid State Power Amplifier (SSPA), a Travdling Wave Tube Amplifier (TWTA)
and a pefectly linearised amplifier. The results show that the optima Output power
Back Off (OBO) (see next section for explanation of OBO) for DAB is
goproximately 2 - 3 dB, with only a smal difference of 0.6 dB due to the different
amplifier modds. These results are however limited to OFDM transmissons usng
QPSK, which is a very robust modulation scheme, and hence robust against effects
of digortion. Modulation schemes that have a higher spectra efficiency (such as 16-
QAM, 256-QAM, etc) are more susceptible to the effects of distortion due to the

requirement of a higher effective SNR. In [55] the performance of both a QPSK and
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a 16-QAM OFDM sysem was investigated. The optimd OBO for QPSK
transmissions were found to be 3 dB in this study, which compare well with results
presented in [54]. For 16-QAM the optima OBO was found to be higher,
goproximately 6 dB. The performance of a 64-QAM modulated OFDM sgnd was
investigated in [56], which showed that the optimad OBO is 6 dB for dipping
distortion, and closer to 10 dB for a smooth limiter. Each of these papers show the
performance of a fixed sysem, limiting the usefulness of the results A more generd
sudy is presented showing the performance of an OFDM system as a function of
clipping digortion. The effect of didortion causes in-band noise due to IMD,
resulting in a lowering of the effective SNR of the channd. The results are presented
as an effective SNR of the OFDM channdl, and so are independent of any particular
modulation scheme. The BER for a particular modulation scheme can be found from
the effective SNR by using the results shown in section 2.6.

281 DISTORTION MODELLING

Digortion results from any non-linearity in the system. It is dso dependent on the
actud dgnd waveform and its power levd. A dsgnd with a high pesk to average
power ratio will tend to have pesks which operate much closer to the maximum
range of the amplifier than say a sne wave, for the same average power. The anount
of digortion is dependent on the sgna envelope digtribution as well as shape of the
nortlinearity of the amplifier. It is therefore difficult to compare the didtortion
andysis of one Sgnd type to another.

Figure 2-33 shows the input verses output for a red amplifier. This result shows thet
the amplifier is not perfectly linear up to the clipping power, but tends to roll off as it
becomes saturated. Additiondly it shows that the response is not symmetrical in that
the positive hdf of the output clips a alower leve than the negative side.
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Figure 2-33, Measured Input verses Output for an MAR6 amplifier, showing
digortion.

This amplifier is a class A MMIC RF amplifier. This is an inverting amplifier

resulting in the linear dope being negative. Also the signals are AC coupled,

resulting in the plot not passing through O.
One way to reduce the effects of non-linearities in the tranamitter power amplifier is
the use of predigortion [57]-[61]. This involves predigorting the signd before the
power amplifier in such a way as to cancd the digortion caused by the power
amplifier. This predigortion is typicaly done a base band by changing the amplitude
and phase of the time waveform. The most generd form of predigortion uses feed-
back from the power amplifier output to achieve an accurate linearisation.

Predigortion can reduce digtortion from non-linearities of the transmitter power
amplifiers. It however cannot prevent digortion from clipping of the sgna & high
power levels, due to the limited peak power of any red amplifier.

Figure 2-34 shows the input verses output of the distortion modd used for the
amulations. In fact this is a modd of a perfectly linear, but power limited amplifier,
which is the best result that could be obtained. Digtortion is a result of clipping of the
sgna power.
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A

Output

Input

Figure 2-34, Input verses Output for a power limited linear amplifier.

Thisisthe distortion modd used for the smulations.

One method for edimating the efficient use of the output power amplifier is the
Output power Back Off (OBO), which is defined as

OBO =10%0g,, %a‘ (2-12)
where Ry is the saturation power of the amplifier and R is the average output signd
power. It is desrable to operate a a low OBO to dlow high utilisstion of the
available power. This however tends to result in excessve digortion degrading the
sgna, and generating out of band spectral spreading.

The OBO is measured based on the average power of the sSgnd after dipping,
making it difficult to directly determine the required amount of dlipping to be applied
to the input sgnd. The amount of clipping required varies depending on the sgnd
amplitude didribution. To overcome this difficulty, an iterative solution was used to

determine this level to meet the required OBO.

The dmulaion results show the effect of clipping digtortion on the performance of
OFDM. For red amplifiers the onset of digtortion is not as aorupt as dlipping, and S0
the performance of the system will be degraded even before the signad power reaches
the clipping power. This must be taken into account when studying the results of the

smulaions.
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282  SPECTRAL SPREADING FROM DISTORTION CLIPPING

Figure 2-35 shows the spectrum of an OFDM sgnd thet is clipped in power. The
OFDM sgnd was band pass limited using an FIR filter, before being subjected to
clipping digtortion. This was done to remove the OFDM sde lobes so that the
gpectral spreading caused by the dipping could be easily seen. The out of band
interference increases as the OBO is reduced, resulting in sgnificant out of band
noise for OBOs below 8 dB. It can dso be seen tha the out of band interference
dowly decays with frequency. Figure 2-36 shows the drength of the spectrd
sporeading as a function of the OBO for an OFDM signd with 100 subcarriers. This
shows that for an OBO of greater than 10 dB there is virtudly no spectral spreading.
This plot shows two reaults, the firs being the level of out of band noise 100
subcarrier-spacings away from the signd centre (100% of sysem bandwidth), and
the other 200 subcarriers away from the centre (200% of the system bandwidth).
Severd other tedts were done to find the effect of changing the number of
subcarriers, however it was found that the results were dmost independent of the
number of system subcarriers.

The worst case CF for an OFDM signd is 10" logio(N) where N is the number of
subcarriers, and so for a 100 subcarrier signal the worst case CF is 20 dB. This would
tend to suggest that Sgnificant ditortion should occur for an OBO dl the way up to
20 dB. This is not the case due to the CF digribution of OFDM sgnas. Even though
the worst case CF is very high, the probability of it occurring is incredibly smal.
Figure 2-37 shows the CF didribution for OFDM sgnds. This shows that for sgnas
with 100 subcarriers, only 1% of the symbols have a CF greater than 10 dB. Even
these symbols will only have a very smdl fraction of the tota symbol energy above
10 dB, and so clipping a 10 dB OBO hasllittle effect.
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OFDM spectrum verses Clipping Distortion
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Figure 2-35, Spectrum of OFDM signal with clipping distortion. (script S0048)

This is for a 100 subcarrier OFDM signal, which has been frequency band
limited using an FIR (see section 2.4.1) before the distortion was applied.
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Figure 2-36, Strength of the spectra spreading as a function of the Output
Power Backoff. (script S0048)

The distortion is caused by dipping of the signal. The spectrum of the OFDM
signal goes up to 50% of the signa bandwidth (BW) from centre and so the
55% BW from the centre result corresponds to the out of band energy just
outside the pass band.
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OFDM signdl. (script S0032)

(a) Random phase modulation. (b) Random QAM modulation.

2.8.3 EFFECTIVE SNR FROM CLIPPING DISTORTION
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Figure 2-38, Effective SNR of an OFDM transmission verses the Output Power

Backoff for 8, 64 and 512 transmission subcarriers. (script S0052)
Figure 2-38 shows the effective SNR of an OFDM transmission subjected to clipping
digortion. The number of carriers has reaivdy little effect on the results. The CF of
most OFDM dgnds is around 8 - 12 dB, and so we would expect clipping distortion
to sat to have a detrimenta effect on the dgnd for an OBO of 8 - 12 dB. Figure
2-37 shows the didribution of the CF for random OFDM signds as a function of the
number of subcarriers. This shows that the CF levels out at about 10 - 12 dB even for
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large numbers of subcarriers. In addition to this, even if the CF is grester than the
OBO, the pesks in the sgnd are only a smdl fraction of the totd symbol period and
thus dipping them result in only minor digortion to the overdl symbol. This means
that the effect of dipping digortion is dmost independent of the number of
subcarriersin the OFDM signd.

Fgure 2-31 shows that for QPSK an effective SNR of 12 dB is needed to maintain a
BER lower than 1 10°. From Figure 2-38 an OBO of as low as 2.5 dB can be used
while 4ill mantaning a sufficient effective SNR for QPSK. This maiches closdy
with published results in [54] and [55], which showed an optima OBO for QPSK of
2 - 3 dB. For 64-QAM, Fgure 2-31 shows that an effective SNR of 26 dB is needed,
which corresponds to a minimum OBO of 55 dB from Figure 2-38. This is dightly
lower than the result published in [56] of 6 dB. This dight difference is due to the
lower BER used and the incressed number of subcarriers used in the smulations in
[56].

2.84 EFFECT OF PILOT SYMBOL TYPE ON THE BER WITH
DISTORTION

Coherent carrier modulation requires channd equalisation in order to work correctly.
If the pilot symbols used for this are effected by digtortion or noise then the overdl
sysem BER gredtly increases. Pilot symbols condst of an OFDM symbol with a
known amplitude and phase, dlowing channed characterigics to be caculated.
Preferably the phasing of the subcarriers should be chosen in such a way as to
minimise the pilot symbol CF. This will hep to prevent digortion from effecting the
symbol. Additiondly if a low CF symbol is used, its power can be boosted compared
with the data symbols without causing dipping. This helps to improve the accuracy
of the channd equdisation, minimisng the BER in the presence of noise (see
section 2.7).
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AWGN SNR: 25 dB, 64 carriers
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Figure 2-39, Effective SNR verses output power backoff using different pilot
symbols. (script S0054)

(8) Genetic Algorithm Optimised phasing scheme (average power equal to data
power), (b) Quadratic Phasing Scheme [106], boosted by 6 dB in power, (c) GA
Optimised phasing scheme boosted by 6dB, (d) random phase angle symbol
boosted by 6 dB.
Figure 2-39 shows the effective SNR verses OBO for four different pilot symbol
schemes. As well as distortion, AWGN was added to assess the effectiveness of the
pilot symbaol for estimating the channd response. The SNR of the smulation was set
to 25 dB. As the OBO is incressed the effective SNR of the OFDM channd aso
increases, approaching the upper limit of 25 dB. Figure 2-39 (&) shows the result for
a single pilot symbol that has a CF of 0.65 dB (see section 6.2 for more detail on the
phasing scheme used). From an OBO of 1 to 4 dB the effective SNR follows the
same peformance as that smulated in Figure 2-38. Even though the CF of the pilot
symbal is 0.65 dB the data symbols are not, resulting in the degradation shown in the
smulation. Above 4 dB the effect of the AWGN begins to limit the effective SNR.
Above an OBO of 7 dB the effective SNR is capped at 22.5 dB. This is a degradation
of 25 dB compared with the ided performance of 25 dB, and is a result of noise on
the channd characterisation, which is estimated from the pilot symbol.

Fgure 2-39 (c) shows the performance with the same pilot symbol boosted by 6 dB.
The resulting cap on effective SNR is 24.1 dB, reducing the degradetion to only 0.9
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dB. This improvement in the degradation is due to the improved channd egtimation
from the boosted pilot symbol power. The disadvantage of this boosted power is that
clipping of the pilot symbol occurs when the OBO is bdow 6 dB. This results in
rgpid degradation of the effective SNIR as the channd estimation is degraded.

Figure 2-39 (b) shows a smilar result to (c) except that a different low CF pilot
symbol was used. See section 6.2.3 for detalls on generation of this pilot symboal.
The CF of this pilot symbol was 2.7 dB, making it 2.05 dB higher than the ultra low
CF used in (¢). Despite the higher CF, the performance was only dightly worse by
gpproximately 0.8 dB, which is due to the smal percentage of symbol power in the
peaks.

Figure 2-39 (d) shows the performance when a boosted random pilot symbol was
used. The CF of this symbol was 82 dB and so its performance was sgnificantly
worse than the other pilot symbols used.

This amulation has shown tha the pilot symbol power can be boosted above the
average power, provided that it has a low CF. This boosting of the power increases
the effectiveness of the pilot symbol, improving channd characterisation.

2.9 REDUCTION OF SPECTRAL SPREADING BY PRE-
FILTER CLIPPING

Clipto Bandpass Clip to specified
—» pecified Pre- —»  filter user » Output Power ——»
From filter OBO FIR Amplifier OBO Simulated
OFDM Transmitted
modul ator signal

Figure 2-40, Pre-filter clipping is to reduce spectrd spreading due to clipping in
the power amplifier.

OFDM without any output filtering has a broad spectrum, as discussed in Section 2.4
page 37. One method for reducing this problem is to filter the output of the OFDM
transmisson. This filtering can aso be used to reduce the amount of output spectrd
spreading caused by clipping in the output power amplifier.

Applying dipping to the OFDM dgnd in a digita form before the power amplifier,
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dlows the CF to be reduced, minimisng the digtortion and spectra Spreading.
However, clipping the sgnd in the digitd domain aso causes spectra Spreading,
ediminating the effectiveness of such a technique. However if the dipped sgnd is
band pass filtered before being sent to the power amplifier, then this will remove the
spectral soreading from the firgt clipping stage. The reduction in the CF reduces the
amount of subsequent clipping in the power amplifier, and consequently the spectra
goreading. This is a very smple method for reducing the CF of OFDM sgnds. The
man problem with this technique is tha IMD caused by the dipping limits the
effective SNR, reducing the capacity of the system.

Numerous other techniques for crest factor minimisation have been published [108] -
[113]. Section Chapter 7 provides a description of these techniques and presents a
new method for CF minimisation of OFDM dgnds. This invedtigetion into pre-filter
clipping is to show the effectiveness of such a sImple technique for gpectrd
Soreading minimisation.

If we were desgning an OFDM system with 64 subcarriers and had decided that we
needed an effective SNR of 35 dB, then by looking a Figure 2-38 we can see that the
lowest OBO that can be used is 6.5 dB. At this OBO the spectra spreading due to
IMD, 64 subcarriers from the system centre frequency, is —36 dBc (see Figure 2-36,
100% system BW a OBO of 6.5 dB). However if we know that the power amplifier
in the trangmitter is going to dip the waveform, then why not dip the sgnd before
sending the signd to the power amplifier. Most of the spectrd spreading can then be
removed by digitaly band-pass filtering the sgnd before transmisson. This reduces
the CF of the sgnd, reducing the amount of subsequent clipping in the PA, and
oectrd spreading in the broadcast sgna. This eases the requirements on the analog
band- passfilter after the PA.

Fgure 2-41 shows the effect of prefilter clipping on the output spectrum. This
spectrum aso shows the filtering of the OFDM sgnd. In this Smulatiion the IFFT
Sze used to generate the Sgnd was 128 points, the trangtion width of the filter was 8
subcarrier spacings and the window function used to generate the filter had a window
width of 2 (dmilar to hamming window function, see Appendix A). The reaulting
filter required 128/8 2 = 32 taps. A guard period of 16 samples was used to remove

the IS caused by thefiltering.
83



Chapter 2 Basic Principles of OFDM

When no pre-filter cdipping is applied, the out of band sde-lobes are exactly as
predicted by Figure 2-36. However as pre-filter clipping is goplied to the sgnd the
Sde-lobe energy is reduced, with a 10 dB improvement for pre-filter clipping OBO
of 6 dB, and a 34 dB improvement with a pre-filter clipping OBO of 5 dB. Clealy by
dipping and filtering the sgnd before the PA can sgnificantly reduce the broadcast
gpectrd spreading. The question is how much has the pre-filter dlipping reduced the
effective SNR of the OFDM transmission.

Pre-filter clipping reduces the output spectrd spreading, however it does not remove
the inband IMD products. Additionaly for the pre-filter dipping to be effective the
OBO used mugt be lower than the OBO used at the power amplifier. Typicdly it
must be 0.5 - 1.5 dB lower to have a Sgnificant effect. This consequently increases
the in-band digtortion products reducing the effective SNR. Figure 2-43 shows the
resulting effective SNR of the OFDM transmisson for different levels of pre-filter
clipping, and the OBO used in the power amplifier. We can see that for our example
sysem earlier, that if we used a per-filter clipping of 6 dB, and an OBO in the power
amplifier of 6.5 dB, that effective SNR drops to 31 dB. Thus we gain 10 dB sde-lobe
suppression for a loss in effective NR of 4 dB (35 dB to 31 dB). Alternatively we
can increase the pre-filter clipping OBO to 7 dB and the output power amplifier
OBO to 8 dB, the effective SNR increases by 3 dB to 38 dB, and the side-lobe
suppression increased by 37 dB to —77 dBc, dl for the cost of only 1.5 dB reduced
output power. To achieve this leve of out of band suppresson without usng pre-
filter clipping the power amplifier OBO would have needed to be increased to 9.7
dB, compared with 8 dB with the pre-filter dipping.

Pre-filter clipping can be used to trade off between the effective SNR of the
transmisson and the out of band suppression. Its use in practice will depend on the
amount of digtortion the system can tolerate. Also it can only be used in a system that
uses digtd filtering before the power amplifier. In a multiuser OFDM system,
filtering removes the orthogond nature between users which are using neighbouring
subcarriersin the spectrum, thus limiting its used to system wide filtering.
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Figure 2-41, Spectrum of a 64 subcarrier OFDM signa with pre-filter clipping.
(script SD063)

The signal was clipped, digitaly band pass filtered then re-clipped in the PA to
an OBO of 6.5 dB.
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Figure 2-42, Side-lobe power caused by IMD as a result of clipping in the
power amplifier, for different levels of pre-filter clipping. (script S0063)
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Figure 2-43, Effective SNR of the OFDM transmission as a function of the
OBO in the Power Amplifier, and the Pre-filter clipping used. (script S0062)

2.10 EFFECT OF TIME SYNCHRONISATION ERROR

OFDM is rddively tolerant againgt timing erors, due to the incluson of the guard
period between symbols. For a channd with no multipath delay spread, the time
offset error can be as much as the length of the guard period with no loss of
orthogondity results, only a phase rotation in the subcarriers. The phase rotation is
corrected as part of the channd characterisation, hence resulting in no degradation in
performance. Time offset errors greater than the guard period result in a rapid loss in
performance, as the section of the symbol that the FFT is gpplied to will contan
some of the neighbouring symbol, leading to Inter- Symbol Interference.

Figure 2-44 shows the effective SNR of an OFDM transmisson as a function of the
time offset error. The zero point in time is taken with respect to the FFT section of
the symbol. A pogtive time offset results in some of the next symbol being ceptured
in the FFT, thus lowering the effective SNR. A negdtive time offset results in part of
the guard period being used in the FFT. Since this is a cyclic extenson of the symbol
no IS occurs. In a dispersve channe the effective length of the guard period is
reduced by the ddlay soread of the channe resulting in a corresponding reduction in
the alowable time offset error.

Figure 2-45 shows the effect of usng an overlapping raised cosne guard period (see
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Figure 2-24) on the timing error tolerance of the system. In this smulation the raise
cosne section of the guard period was 50% of the total guard period time. This
shows that the raised cosine section of the guard period only provides partid
protection agangt time offsets, compared with a flaa guard period. The effective
length of the raised cosine guard period is shorter than its actud length. For a cut off
of 30 dB effective SNR, the raised cosne guard period provides time offset tolerance
equivaent to one quarter (5 samples) its actua length (20 samples).

Guard Period: 40 samples, IFFT size:128
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Figure 2-44, Effective SNR of an OFDM signd with atime offset error, using a
flat guard period of 40 samples. (script S0053)

The time origin is with respect to the start of the IFFT section of the symboal,
just after the guard period. A positive time error means the FFT in the receiver
is capturing some of the next symbol; a negative time error results in the
receiver getting the guard period.

87



Chapter 2 Basic Principles of OFDM

Flat GP: 20, Raised Cos GP: 20, Overlap: 20, IFFT size:128
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Figure 2-45, Effective SNR of an OFDM signal with a time offset error, using a
raised cosine guard period. (script SO069)

The length of the flat guard period is 20 samples, with an overlapping raised
cosine guard period of 20 samples.

2.11 EFFECT OF FREQUENCY SYNCHRONISATION
ERROR

One ggnificant problem with OFDM is its sengtivity to frequency offsats affecting
the peformance. The demodulaion of an OFDM ggnd with an offsst in the
frequency can lead to a high bit error rate. This is caused by the loss of orthogonality
between the subcarriers resulting in inter-carrier interference (ICI), and a lack of

correction for phase rotation of the recelved data vectors.

Frequency errors will tend to occur from two main sources. These are locd oscillator
errors and Doppler spread. Any difference between transmitter and receiver loca
oxcillators will result in a frequency offset. This offsat is usudly compensated for by
usng frequency tracking, however any resdua erors result in a degraded system

performance.

Movement of the tranamitter or recaver reaults in Doppler shift in the sgnd. This
aopears as a frequency offset for free space propagation. This offset is usudly

corrected for as pat of the locd oscillator compensation. A much more serious
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problem is that of Doppler spread, which is caused by movement of the transmitter or
receéver in a multipath environment. Doppler spread is caused by the different
relative velocity of each of the reflected multipath components, resulting in the sgnd
being Frequency Modulated. This FM modulation on the subcarriers tends to be
random due to the large number of multipath reflections that occur in typicd
environments. This Doppler spread is typicdly poorly compensated for and results in
degradation of the Sgndl.

Figure 2-46 shows the effect of frequency errors on the effective SNR of an OFDM
transmisson usng coherent QAM. Any frequency offset results in a continua phase
rotation of dl the received subcarrier vectors. The greater the frequency offset, the
gregter the phase rotation. If the channd characterisation is only performed a the
dat of each frame then the unresolved frequency errors will lead to degradetion in
the peformance with time. The fird symbol after the channd compensation will
have the maximum effective SNR, which will degrade to a low effective SNR by the
end of the frame. Figure 2-46 shows the effective SNR of the ¥, 47, 16", and 64"
symbol in an OFDM transgmisson with only channd compensation at the start of a
frame. The spikes in the response for a frequency offset error > 102, are caused by
full rotations of the received vector.

The peformance of differentid phase modulation will be smilar to that of the SNR
of the fird symbol after characterisation, as phase rotations will be corrected for
every symbol.
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Figure 2-46, Effective SNR for Coherent QAM with frequency offset error.
(script SD068)

The effective SNR for the 1%, 4", 16", and 64", symbol in an OFDM frame with

channel equalisation, only at the start of the frame.
There have been numerous techniques developed to measure and track the frequency
offsst [35] - [52]. Also it has been Sated that the frequency accuracy must be
maintained to within 2 - 4% to prevent significant performance loss [35] - [37]. In a
mobile multi-user environment the problem is worse, as the transmisson from each
user can have a different frequency offsat. Even if each user is synchronized to the
base gation pefectly, there will ill be sgnificant different frequency offsets for
each user due to Doppler shift. Frequency offset in a sngle user OFDM link isn't a
sgnificant problem as it can be compensated for with minima incressed receiver
complexity. However in a multi-user case there is no easy way of correcting the

frequency errors.
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CHAPTER 3 RADIO PROPAGATION

This chapter provides a brief review of the mgor characteristics of radio propagation,
and the problems these cause in tranamitting digital information.

Radio propagation effects such as pah loss, frequency sdective fading, Doppler
soread and multipath dday-soread  limit  the effectiveness of  wirdess
communications. An underganding of radio propagation is needed before different
forms of multiuser OFDM can be discussed. This chapter provides a review of well-
known propagation effects and extends these to look a the effects on wide
bandwidth transmissons This chapter incdludes an experimenta investigation of
andl-scde frequency sdective fading of multipath environments. It looks a the
vaiation of the multipath fading with smdl changes in space. This work was needed
to alow different user dlocation schemes, such as adaptive subcarrier modulation, to
be investigated. This work provides insght into how fast radio channels change with
gpoace and time. Although there has been extensve work done on narrow band radio
modelling, not much work has been done on wide band moddling (10 - 100 MHz
bandwidth). Most models in literature are based on datistical results, making them of
little use for invedigaing user dlocation schemes in an OFDM system. For this the
clustering of the frequency fading and change with space is needed to decide how
subcarrier hopping systems will work.  This work is very important for OFDM
sysems development because it provides a deterministic reationship between
frequency sdlective fading and space (movement).

31 PATHLOSSAND ATTENUATION

During propagation, radio sgnas weeken with distance. This is due to the wave front
of the radio signad expanding and thus reducing in power dengty. In free space, the

propagating wave expands as a sphere and thus the power densty reduces in
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proportion to the surface area of this sphere. If the sgnd is tranamitted usng a
directiond antenna, the dgnd ill expands as a sphere, except that the energy
dendty is concentrated to one or more areas (see Fgure 3-1). If we trangmitted the
same enargy from an omnidirectiond as a direction antenna, the integrated energy
over the surface area of the RF sphere, the energy would be the same. Fgure 3-1
shows an expanding RF pulse, if we were to imagine a Snusoidd transmisson
(sngle frequency) it would be continuous stream of expanding spheres, with the
power of these following a Snusoid waveform.

@ (b)

Figure 3-1, Expanding RF pulse from a central transmitter. (script s0029)

The transmitter is shown as an  in the cut away section. (@) For an
omnidirectiona antenna, the energy dendty is even in al directions. (b) For a
high gain antenna, the energy is concentrated in one direction; it still however
expands as a sphere.

The area of a sphere is proportiona to the radius squared, and thus in free space the
RF fiedd drength reduces proportiondly with distance squared. Equation (3-1)
caculates the received power over transmission in free space.

2

I P
P =RGCE =2 D

Where P, isthereceived Sgnd power (watts), P isthe transmitted power (wetts),
G gain of the receive antenna with respect to an isotropic antenna, G, gain of the

92



Chapter 3 Radio Propagation

trangmitter antenna, |  wavelength of the RF carrier (m), and Risthe transmission

digancein metres.

Free space propagation is very predictable, and can be used to accurately model
satellite communications and directiond links with no obstructions, such as short-
range microwave directiond point-to-point links. However for most terrestria
communications such as mobile phones and wirdess LAN systems, the environment

is much more complex making propagation modd ling much more difficult.

3.2 SHADOWING AND SLOW FADING

In most mobile radio gpplications, the environment through which the
communication must occur is cluttered and has many obgructions such as buildings,
hills trees, wadls, etc. These objects cause reflections off ther surface and
atenuation of dgnds passng through them, resulting in shadowing. These shadows
can result in large areas with high path loss, causing problems with communication.
The amount of shedowing is dependent on the Sze of the obstructing objects, the
dructure of the materid, and the frequency of the RF sgnd. Most materids are
highly transparency a RF frequencies compared with visble light, making non-Line
Of Sight (LOS) propagation posshle. Although many materids are trangparent,
metd objects act much like mirrors due to being good reflectors, making them
opaque, resulting in wiring within wals foil insulaion, metd roofing, reinforcing in
concrete, etc being opague. In addition, large objects such as buildings and hills
absorb much of the RF energy passng through, resulting in degp shadowing behind
them. Under these conditions most of the received energy usudly comes from
reflections and diffraction around the object, rather than from the direct path.

Diffraction occurs a edges of obgructing objects in the transmisson path. At the
diffraction edge, the sSgnd reradiates as a sphericad wavefront originating from the
diffracting edge. This dlows it to bend patidly around the object. Diffraction does
not have any dgnificant effect on shadowing for visble light due to the smdl
waveength of the light (0.4 - 0.7 nmm) as compared with most object sizes (0.1 - 10
m). However, a microwave frequencies, the waveength is reatively large (0.03 —

0.3 m) and thus diffraction sgnificantly reduces shadowing.
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The received dgnd is made up from a combinaion of direct path transmisson,

reflected dgnas and diffracted dgnas. The amount of received power is the
reslting sum of trangmisson through thee diffeeent dgnd paths Moving the

recaver, trangmitter, or objects in the environment will result in a change in the path
loss due to the transmisson path changing, such as moving from a direct line of sght
ggnd to behind a building (see Figure 3-2). This vaiation in the path loss occurs
over large distances (typicdly 10 - 100 wavelengths) and is dependent on the size of
the objects causng the shadowing, rather than the wavelength of the RF sgnd. Due
to the dow changing nature of this variaion, it is commonly referred to as dow
fading.

Receiver
O position1
® Position 2

X Transmitter
P - Direct Path
O D - Diffraction
Building R - Reflection

Figure 3-2, Effect of receiver position on the relative strength of the received

direct, reflected and diffracted signals.
The path loss measured in terrestrial nontLOS links is higher than the predicted vaue
when using the free space path loss equation (3-1). The sgnd power in cluttered
environments typicaly fdls off faster than fee space. One common method to model
this increased rate of decay is to change the distance dependent exponent from 2
(path loss is proportiond to the distance squared) to a higher value. An adjusted path
loss equation isshown in (3-2).

_ el o
P, = PTGTGRgE; (3-2)

Where a isthe path |oss exponent, other terms are defined after Equation (3-1).
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Environment Freguency Path loss s (dB)
(MH2) Exponent (a)
Retail stores 914 22 87
Grocery store 914 18 52
Office, hard partition 1500 30 70
Office, soft partition 900 24 9.6
Office, soft partition 1900 26 14.1
Indoor to street (Suburban 900 30 70
Home)
Factory
Textile/chemicd (LOS) 1300 20 30
Textile/chemicd (LOS) 4000 21 70
Textile/chemicd (OBS) 4000 21 9.7
Metaworking (LOS) 1300 16 5.8
Metadworking (OBS) 1300 33 6.8
Paper/cereds 1300 18 6.0
Outdoor to indoor 5850 34 80
penetration of home *

Table 3-1, Table of typica path loss exponent for different environments.

Also specified is the standard deviation () measurements compared with the
straight line predicted from the path loss exponent. LOS — Line Of Sight path,
OSB — Obstructed path. Results obtained from [63] and * [64]

Usng (3-2) only gives a rough edsimate for the path loss, with no condderaion of

the actud environment and fine scale effects such adow and fast fading.

3.3 MULTIPATH EFFECTS

In a radio link, the RF sgnd from the transmitter may be reflected off objects such
as hills buildings, vehides wadls, etc. Some of these reflections will arive a the
receiver, effectivdly cresting multiple transmisson paths, commonly referred to as a
multipath environment. The radio sgnd travels over a different distance for each of
these paths, and thus takes a different amount of propagation time. If we were to
trangmit an RF pulse in a multipath environment we would receive a sgnd like the
one shown in Fgure 3-3 (a). Each impulse corresponds to one path, with the strength
of each impulse dependent on the path loss for that path. For a fixed frequency
ggnd, (i.e. a sne wave) the propagation delay results in a phase rotation of the
sgnd. The amount of phase rotation corresponds to 360° for each wavelength of
path length traveled. Each of the multipath sgnds will have a different propagation
digance and thus a different phase rotation. These sgnds add a the recever,
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resulting in condructive or dedtructive interference. Each of the multipath signds can
be represented as a phasor, which has vector length corresponding to signa power
and the angle corresponding to the phase. The received signa corresponds to the
vector sum of the multipath phasors (see Figure 3-3 (b)). Dedtructive interference
occurs when the vector sum adds to zero. This is dso referred to as a ‘null’.
Congdructive inteference occurs when dl the dgnds have a gmilar phase
reinforcing each other.

Impulse Response Phasor Plot
A _4 3
3
d &
o
sll. ¢ ¢ e
I 3 ‘ ‘ Resulltant : .
> b ;) Red
Propagation Time RO P
(@) (b)

Figure 3-3, Impulse response and phasor plot for multipath channel.

(@ Impulse response of a radio channel with 5 significant paths. (b) Phasor plot
of the same channel for a particular RF frequency. The length of each vector
corresponds to the power and the angle of the vector corresponds to the phase of
the RF signa at the receiver for that path. The receiver sees the vector addition
of dl the multipath signals.
Figure 3-4 shows an example of a channe impulse response. This is for an urban link
over 24 km. This 9gnd has a drong direct pah sgnd (0 ny) and two large

reflectionsat 45 nsand 7.5 ns.
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Figure 3-4, Example channel impulse response for a 2.4 km transmission at 910
MHz on Manhattan Island, New Y ork City [71].

Transmitter height of 120 m, receiver height 2 m. ‘d’ is the average excess delay
(centre of gravity with respect to first arrivad delay), ‘s is the RMS delay
spread, and ‘O’ is the absolute transmission delay.

34 DELAY SPREAD

Delay soread is a measure of the spread in the time over which the multipath sgnds
arive. It is a measure of the time disperson of a channd, and is very important in
determining how fast the symbol rate can bein digitd communications.

A symboal is a period over which one or more groups of bits of information are sent.
For a dngle carier trangmisson, usng Binay Phase Shift Keying (BPSK) as the
modulation scheme, each symbol caries one bit of information. The symbol
corresponds to the period required to send the phase information as @ or 180°, which
corresponds to the digitd information of zero or one respectively. The faster the
phase is varied the faster the symbol rate and the higher the data rate and bandwidth,
For OFDM transmisson, each symbol corresponds to a padld transmisson of
many low bandwidth carriers. The symboal time in this case corresponds to the period
over which the amplitude and phase of the data cariers is remaned fixed
corresponding to one data vector.
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The impulse response of a multipath channel can be modelled by

Ht) =& Ad(t-T) (33

k=1

where Ay is the complex amplitude and Ty is the time delay of each impulse m isthe
number of received multipath components, and isd the dirac delta function.

The RMS dday gread is one of the most widdy used measurements for
characterisng the delay soread of a multipath channd and was origindly used by
Cox [72].

sa (T,- D) ¢ g

Trms = gkﬂ Iy g (3_4)
-1 2
§ = H

where T,ms is the rms delay spread, and D is the average excess time delay, which is

equivaent to the centre of energy for the impulse response.

art P,
D=kl (3-5)
ark

k=1

where P is the power of each impulse and is the magnitude of the complex impulse
squared:

R =|Al (3-6)

Deay soread results in time blurring, where energy from previous data symbols
becomes mixed in with current symbols. This causes interference, known as Inter-
Symbol Interference (ISl), because previous symbols are uncorrelated, effectively
adding noise to the sgnd. Single carier trangmissons are paticularly prone to
problems caused by dday spread as it normdly sets the upper limit on symbol rate,
This is because the bit error rate (BER) increases as the delay spread time becomes a
ggnificant fraction of the symbal time. Simple modulation schemes such as BPSK
can tolerate a delay spread of approximatey 10 - 20% of the symbol period; any
more and the BER is too high. However, higher modulation schemes such as 16-
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QAM, 256-QAM, e, which have a higher spectrd efficiency, are much more
senstive to ISl and thus the ddlay soread must be less than severd percent of the
symbol period.

Table 3-2 shows the RMS delay spread for a range of propagation environments. For
smdl indoor environments (< 10 m) the RMS dday spread ranges from 8 — 22 ns,
where as it is higher in larger buildings (up to 100 m) with the RMS dday soread
varying from 20 — 100 ns.

Description Frequency | Mean RMS RMSdday

(MH2) Deay spread range
Spread (10% -90%)

Empty Conference Omni 60 GHz 181ns -

Room Wide (60°) 60 GHz 136ns

(135x 7.8x26m) Standard (10°) 60 GHz 47ns

LOS7mTx - Rx Narrow (5°) 60 GHz 11ns

separetion [66]

Residential Room, LOS, (4.6m) [68] 5200 - 8—12ns

Business Room, LOS, (14 m) [68] 5200 - 30—-50ns

University Building, 37.2GHz 10ns 85- 155ns

LOS, (Average Room Dim: 11 x 5m)
AmAvgTX - Rx separation [67]

Engineering Building, (60 x 44 m) 2400 50 ns 21-79ns
(Mixed LOSand NLOS) [69]
Retail Store, (100 x 108 m) 2400 64 ns 30-98ns
(Mixed LOSand NLOS) [69]
Office Building, 1100 17ns 12- 22ns

(cubicles, offices and laboratory space)
5mTx - Rx separdion [73]

Office Building, 1100 32ns 17- 45ns
(cubicles, offices and laboratory space)
30mTx - Rx separtion [73]

City streetsin New York, 910 12ns 05-25ns
NLOS, (2x 25km) [70]

Table 3-2, Measured delay spread for a variety of environments.

35 SHORT TERM FADING

In a multipath environment, the receved dgnd fades with disance due to the
changing phase of the multipath components. Short term fading is caused by the
interference (condructive or dedtructive) that result from the combination of multiple
received waves. As the receiver or transmitter are moved in space the relaive phase
between the different multipath components change, causng the interference to aso
change, resulting in fades in the received sgnd power. At certain locations, the
sgnd can suffer dmost compete cancdlation of the sgnd, resulting in a degp null in
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the sgnad. These nulls can be as much as 30 dB. Nulls occur agpproximady at

intervas of the RF wavelength (30 cm for 1 GHz transmission). The rate of fading

with distance is usudly measured usng the coherence disance. This is a measure of

the disance over which the radio channd experiences comparable or corrdated
fading.

Ceiling of Room 210 to Room 210, Position 4, (983MHz)
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Figure 3-5, Plot of fast fading with distance. This is measured data for a short
indoor link. (script S0030)

See section 3.8.1 for the location d the link. The spacing between fades is
approximately one wavelength, in this case 30cm.

3.6 FREQUENCY SELECTIVE FADING

Multipath dso causes fading changes with frequency. This is due to the phase
regponse of the multipath components varying with frequency. The received phase,
relative to the trangsmitter, of a multipath component corresponds to the number of
wavdengths the dgnd has travedled from the trangmitter. The wavelength is
inversdly proportionad to frequency and so for a fixed tranamisson path the phase
will change with frequency. The pah disances of each of the multipath component
is different and s0 resaults in a different phase change. Figure 3-6 shows an example
two-path transmisson. Path 1 is a direct Sgnd and has a transmission distance of 10
m, while the second path is a reflection with a longer transmisson disance of 25 m.
For a wavelength of 1 m each path is an integer number of waveengths hence the

phase change from transmitter to receiver will be @ for each path. At this frequency,
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the two paths will reinforce each other. If we change the frequency to have a

wavelength of 0.9 m then path 1 will be 10/0.9 = 11.111l , or a phase of 0.111 ~ 360°
= 40°, while second path will be 25/0.9 = 27.778l , a phase of 0.778 ~ 360° = 280°.

This makes the two paths out of phase, which results in a reduction in the signd
amplitude a this frequency.

Reflector
8m = p Path 1
=P Pgth 2
17m ] a
< Recever
/
/ 10m
Transmitter

Figure 3-6, Two path transmission to demonstrate frequency selective fading.

(see text)
If we look in terms of the phasors of the multipath components as in Figure 3-3 (b),
esch phasor rotates in phase a a different rate, with changes in frequency. The rate of
phase rotation is proportional to the path distance of each multipath component. For
environments with a large number of multipath components, this results in complex
vaiations in the fading verses frequency. Figure 3-7 shows an example of measured
frequency sdective fading within an indoor environment. The sgnd power vaies by
more than 25 dB with frequency, showing that a certain frequencies near complete
sgnd cancdlation is occurring. The frequency sdective fading charecteristics of a
channd can be summarised by the correation bandwidth of the channd. This is the
goproximate maximum bandwidth or frequency intervd over which the fading is
smilar and correlated. The exact corrdation bandwidth depends on the required level

of correlaion. The corrdation bandwidth is inversdy proportiond to the channd
delay spread.
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Figure 3-7, Frequency selective fading for a short indoor link. (script S0028)

3.7 FREQUENCY-SPACE FADING

As we have seen previoudy, in multipath environments, the sgnd fades with
changes in digance (short term fading) and with frequency (frequency sdective
fading). In practice, thee effects will aways occur smultaneoudy. Figure 3-8 and
Figure 3-12 show the measured channd response of a short indoor link, as a function
of distance and frequency. From this it can be seen that fading patterns in frequency-
space ae very smilar. In fact the scding of the fading rates over both dimensions are
dua problems. The coherence bandwidth (inverse of the fading rate in frequency) is
goproximately  inversdy  proportional  to the transmisson digance, while the
coherence distance (inverse of the fading rate in digance) is gpproximady inversdy
proportional to the carrier frequency. Doubling the transmission disance within a
given transmisson environment will gpproximately double the channd dday spread
and consequently have the corrdation bandwidth. Similarly, doubling the carier
frequency will approximatdy hdve the corrdation disance. These compaisons are
only approximate as they are dependent on the locations and reflective nature of the
objectsin the radio channd.
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Bench height {0.9m) of Room 206 to Room 210, Position 2
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Figure 3-8, Short term fading, showing fading dependence on distance and
frequency. (script s0030)

371 EQUALISATION

One method to overcome the limitations of dday soread for sngle carier
trangmisson is to use equdisaion. The am of equdisation is to find an inverse filter
that compensates for the 1Sl so that dl the multipath sgnds become shifted and
digned in time, rather than being spread out. For example, the GSM phone system,
which uses 270 k symbolg/s (3.7 ns symbol period), can tolerate a delay spread of up
to 15 ns This is a dday goread of over four symbol periods. The problem with
equdisation is that it becomes increasing difficult, as the 1S is sporead over more
symbols. Errors in equaisation, particularly for delay spreads over more than one
symbol, meke it difficult to use higher modulation schemes in multipath
environments.

OFDM systems work by resolving the frequency doman so that the width of the
subcarriers is much narrower than frequency sdective fading of the radio channd.
This makes the frequency response over the bandwidth of each subcarrier effectively
fla. Only smple equdisation is required for each subcarrier for data transmisson as

the flat fading on each subcarier only results in an amplitude scaing and a phase
rotation.
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For coherent transmissions, equaisation is implemented by transmitting reference
pilot symbols or tones, which are set to an amplitude and phase known by both the
trangmitter and recalver. The channd response is then edimated by dividing the
received subcarrier 1Q vector of the pilot symbol or tone by the known transmitted
vector. This measured channd responseis then used to equdise the transmitted data.

No egudisaion is needed for transmissons using differentid phase modulation.
With this method, the amplitude of the subcarrier is not used for carrying information
and 0 its vaue is not important. With differentid phase modulation the daa is
transferred as a phase difference between successve symbols. This compensates for

any phase offset caused by the propagation channel.

3.8 FREQUENCY SPACE FADING MEASUREMENTS

Equdisation of each of the OFDM subcariers provides a large amount of
information about the radio channd. It indicates which subcarriers have a high sgnd
power, and those that are in nulls in the spectrum. This dlows the alocation of
subcarriers to users to be optimised, to maximise the performance of the system.
Thexe dlocatiion schemes are outlined in detall in section 4.2, however in order to
dudy these user dlocation schemes a detaled knowledge of the fading
characterigtics of radio channds is required. Mogt traditiond methods for modelling
radio channels, datidticdly describe the fading probabilities. However, to investigate
the user dlocation schemes, the direct relaionships between frequency fading and
changes in space are required.

An experiment was st up to measure the fading as a function of frequency and space
for an indoor environment. The am of this experiment was to measure changes in

frequency sdective fading as afunction of distance.

381 MEASUREMENT LOCATIONS

These measurements were performed in the Electricd Engineering building & James
Cook Univerdty. This building has a sructure thet is fairly typicd of a medium szed

office building. The building is three stores high and has outer wals constructed
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from concrete block. The internd wals were condructed mainly from plasterboard,
with support columns gpproximately every 6 m. Measurements were teken at Sx
locations on the second floor, and two locations on the firg floor (Rm120 and
Rm122).

357
528 45_1.5 42 359 (345 2481 284 1248
185 . ' —
s
Pm}"ﬁ p%'gg o344z
) waa7| 15147
— Rmizi5 ) Rma20g RmzaT Fmang
99 - Biam Loc
87 ELETY R it
b 708 2 Rmi20,
Pos 4 )(g 63785
248,732 Pos @
Recetver ?5“"512;3
guide frack ; X Pos 6
. Ghn — 5312

Figure 39, Plan of measurement locations for frequency space fading
measurements.

Logging *
Computer

Figure 3-10, Set up of equipment for frequency space fading measurements.

Set of the receiver, showing the guide track in the middle of the raised section
of the bench. On this track is the antenna trolley, which pulled dong by the
motor on the left. A spectrum analyser was used to measure the power
frequency response at each location along the track, which were logged by a PC
shown on the right.
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The st up used in the experiment is shown bedow in Fgure 3-11. The sgnd
generator produced a dow sweep (approximately 3 min per sweep) across the
frequency band of interest (970 - 1040 MHz). This sgnd appears as a dow moving
continuous wave sgnd by the spectrum andyser. The maximum hold feature of the
spectrum analyser was then used to trace out the received power a each frequency
across the band. This trace corresponds to the power response of the radio channel
transfer function. This channel response was then logged to a PC and after each
sweep measurement the trolley was moved 1 cm and the process repeated. In dl, 240
sweep measurements were done, taking a totd time of about 12 hours. The
measurements we very sendtive to any movement within the building and so the

measurements were performed overnight.
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Figure 3-11, Experimental set up for measuring the radio channel response as a
function of distance.

These measurements were used for gmulaing the performance of an adgptive
modulation OFDM sysem in section 4.2. These measurements give a deterministic
relationship between the fading in the frequency doman, and the fading in the
soecid doman. This is extremdy important for accuratdy determining the
performance of multiuser OFDM systems using adaptive modultion.
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382 MEASUREMENT RESULTS

Figure 3-12 shows an example of one of the measurements taken. The remainder of
the results are shown in Appendix C. The result shown is for a non-LOS transmission
over a digance of 14.9 m. The transmisson signd passes through three wals, and as
a reault the average path loss (74.9 dB) is dgnificantly higher then free space loss
(55.9 dB) for this same distance.

The results of the measurements show that there is a drong corrdation between
fading as a function of disance and fading as a function of frequency. The fading
pattern shows regions of strong condructive interference, with some of these pesks
reeching 6 dB lower path loss than the mean. Nulls caused by destructive
interference occur between these peeks, and are typicaly reatively smdl in disance
and bandwidth. Although the nulls are amdl, they sometimes form clugters resulting
in large suppressed regions.

1040

9

[1%]
o

970 & v '
0 50 100 150 200
Distance moved {cm), mean te-rx distance : 14.9m

Figure 3-12, Measured frequency space measurement for a 14.9 m non-LOS
indoor link. (script S0030)

Same data as in Figure 3-8 except as a 2D surface plot. The brightness indicates
the received power for a particular position in space and frequency. Note the
dotted contour shows the mean path loss.
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Figure 3-13 shows the path loss for dl the measurements taken. The path loss shown
was teken as the average over the entire data set for each location. The path loss
exceeds free space loss for dl but one location. The best-fit path loss exponent (8
for dl the measurement locations was 2.6, which compares well with previoudy
published results for office buildings of 24 — 3.0, see Table 3-1. The vaiations in the
path loss closdy corrdate with environment for each transmisson. The LOS
locations have a lower path loss, closdly matching free space, with the exception of
location 5. The path loss for this measurement was higher due to its location being
directly above the messurement track, which corresponds to a null in the antenna
pattern. This null is a result of the use of monopole antennas. Mogt of the other
locations fdl around the a = 25 line with the largest deviations occurring for
location 7 and 8. These locations correspond to the next floor down in the building,
resulting in an additiond 6 - 9 dB of attenuation. Measurements that were taken at
bench height have a higher path loss, due to the larger number of objects in the
transmission path.
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Figure 3-13, Path loss of the measurements taken. (script sO030)

The number beside each data location corresponds to the position number, while
‘B’ indicates that the measurement was taken a bench height, and ‘C
corresponds to ceiling height. Two of the data points were taken on the next
floor down show by the ‘floor 1' tag. Lines shown represent the expected path
gain for different path loss exponents.
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Figure 3-14, Fading probability distribution for each of the measurement
locations. (script S0030)
Fgure 3-14 shows the fading didribution for each of the measurement locations.
They dl dosdy follow a Rayleigh fading didribution [119], indicating that the direct
ggnd enagy is dgnificatly smdler than the multipath energy. This was even true

for LOS measurements.

3.9 RATE OF CHANGE OF RADIO CHANNELS

The am of this sat of experiments is to address the issue of how fast do the
characterigics of indoor radio channels change, due to movement of people and
movement of the tranamitter. These measurements were peformed to provide a
guide to how fast radio channds change. Numerous studies have been performed to
describe the datistical digtribution of narrow band fading [62]. However, not many
dudies have been peformed to investigate the effects of moving bodies around
trangmitter antennas [74]. This experiment smulates the variations in the channe
response that would be experienced in aWirdless LAN application.

This thess outlines severd new adeptive schemes (see Chapter 4 for maximisng the
link capacity of an OFDM system. One of the reasons these techniques have not been
used before in mobile gpplications is that, they must track the response of the radio
channed continuoudy. This tracking adds complexity to the sysem and more
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importantly, data overhead. An adaptive technique for maximisng sysem capacity is
not very useful if al the benefits are outweighed by the overheads. The overhead
required for tracking of a changing channd depends primarily on how fast it changes

and by how much. This experiment ams to address some of these questions.

In any radio channd the amount of disturbance an object makes to the channd
reponse depends on severd factors. These include, the dze of the object, the
digance it is from the trangmitter and recever, its reflectiveness, and how much
fading the transmisson was suffering from before moving the object. If the channe
response is in a degp fade, only a very smdl change in the physcd channd is
required to cause a large change in channd response. For this reason the channe
disturbance messurements were taken under two different conditions. The first test
involved postioning the transmit antenna so that the overdl channd response, before
any object movement, was a a locd maximum in the frequency fading spectrum.
The other test was done when the podtion of the transmitter resulted in a loca
minimum (deep fade) in the channel response.

In this experiment, the complex propagation characteristics (magnitude and phase
change due to the radio channd) of a short link were measured using a network
andyser. Three sets of measurements were performed. The firg test shows e effect
of a person waking toward the transmitter antenna. The second test shows the effect
of a person waking up to the transmitter antenna, dtting down and typing on a
keyboard near the antenna. The third test shows the result of a person waking around

in the same room as the transmitter and receiver.

All measurements were performed a 940MHz, which is lower in frequency to most
wirdess LAN sysems (24GHz and 5.2GHz). However it was chosen due to
limitations of the network anadyser and the avalability of a suitable filter for the pre-
amplifier age.

391 EXPERIMENTAL SET UP

The propagation characteristics across the room were measured using an analog
network analyser. This set up is shown in Fgure 3-15. The output sweep signd from
the network andyser was feed back via a power splitter to the reference input. The
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network andyser cdculates the trandfer function of the channd by comparing the
receved amplitude and phase to this reference dgnad. The channd measurement
taken was the combined the transfer function of the coax, antennas, radio channd,
preamplifiers and recelver band pass filter. The transfer function of these dements is
however fixed, and dnce the am of the experiment is to andyse the changing naure
of the radio channd these datic dements do not affect the results A digita
oscilloscope was used to capture the red and imaginary output waveforms from the
network analyser. Before each measurement, a zero point measurement was made to
ensure offsets in the 1Q measurement teken by the Network Anadyser were
compensated for. The captured results were processed further on a PC using Matlab
scripts 2.

The amulated performance of a channe response tracking system was performed on
each of the measured responses. This was done to estimate the tracking error when
an adaptive modulaion system is utilised as outlined in section 4.2. The tracking
error was measured by taking the time dependent power response of the channd,
aoplying different sampling rates, then finding the error between the sample points
and the d9gnd in between the sample points. This information gives an indication of
the amount of channel response error that can be expected for a given sample rate of
the channel response.

If we assume that the received power leved primarily determines the SNR of the
channd, then from this data we can edimate how fast the modulation scheme must
be updated in an adaptive modulation sysem. For example, for square QAM
modulation schemes, the SNR threshold changes by 3 dB for each 1 b/Hz change in
spectrd efficiency. Thus if the channd power level changes by more than 3 dB then
the modulation scheme should dso change, otherwise the BER will become large if
the SNR dropped, or the spectrd efficiency should increase by 1 b/gHz if the SNR

went up.

2 Codell Qchannelmeas\s0028_plotdata.m
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Figure 3-15, Experimental set up. The Network Analyser was used to measure
the amplitude and phase of the channel. The Digita Oscilloscope was used to
capture the results for further processing.

392  SCOPE AND SCALING OF THE RESULTS

The scope of this experiment is limited in that only one room was measured and a
one radio frequency. However, these results do give a drong indication of the
magnitude of effects.

The reaults can be roughly scaled in frequency by changing the time scade Fading
effects and multipath are proportiond to the RF wavelength, and thus the higher
frequency the shorter the distance between signd fades. The results shown here are
measured in time and not disance, and o0 for a fixed velocity, changing the time
scde will efectivdy give an indication of the fading rae for a different RF
frequency. For example for HiperLAN2 that operates at 5.2 GHz, the time scde on
the plots needs to be reduced by 5.2/0.94 = 5.53 times. Thus tracking of fading at 5.2
GHz has to be 5.53 times fagter than a 940 MHz to maintain the same performance.
The actud effect of objects moving within the lab will vary dightly with frequency
because of the sze of the moving object reative to the waveength of the radio
carier will be different.
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393 MEASUREMENT LOCATION

The measurements were peformed in one of the engineering labs a James Cook
University. A photo of the lab is shown in Figure 3-16. The wal on the l€ft is the
outer wal of the building, which has embedded wire meshing, and thus would be a
good reflector. The other three wals are made of plasterboard. The room contains a

large number of objects, cregting a scattering environment. Figure 3-17 shows a plan

layout of the room, indicating the tranamitter and receiver location.
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Figure 3-17, Plan view of the test room, showing the layout of the benches, and

the position of the transmitter and receiver. Note: All lengths are in metres.

113



Chapter 3 Radio Propagation

394 EFFECT OF WALKING TOWARD THE TRANSMITTER
CHANNEL RESPONSE

This test involved waking toward the trangmitter, pausng then returning to the dtart
location. This test demongrates the effect of a person waking around a room for a
short range LAN system. The path of movement is shown in Figure 3-18. Two repesat
measurements were performed. For the first measurement, the transmitter was moved
to a location thet resulted in the recaiver being located in a loca minimum (null in
the spectrum). The second measurement was taken where the receiver was in a locd
maximum. The trangmitter location was moved 30cm to achieve this The walking
pattern was the same in both tests.

I\

_/

Transmitter

E 5.
‘0.9

Figure 3-18, Movement of the person in the test room during the measurement

period
Figure 3-19 shows the measured channe response during the movement of the
person toward and away from the transmitter. The results show that the movement of
the person has a dgnificant effect on the channd response, paticulaly if the
subcarier dgnas ae in a null in the spectrum. The magnitude of the disturbance
from the person was about the same in both tests. The ripple in the measured 1Q
channel response caused by a person walking was about 2x10* (Unit-less due to the
relative testing) in both cases. This disturbance had a much grester effect when the

transmisson was in a locd minimum due to the disturbance being a large percentage
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of the transmisson power. The average pwer in the locd minimum case is about 10

dB lower than the locd maximum messurement. The Doppler shift was 10 times
higher for the loca minimum case and the disturbance to the power was about 14 dB
compared with 2 dB for theloca maximum.

These resuts show that the energy reflected from the person waking around was not
aufficient to cause complete fading for frequencies that are a a loca maximum. This
means for an adaptive modulation system, which tracks the pesks in the spectrum,
only smdl digturbances are caused by the movement of a person. Thus if the adaptive
modulation sysem used a link margin of grester than 2 dB it would not have had to
track the fine sructure of the movement of the user. The link margin is difference
between the channd SNR and the minimum SNR required for the modulation
scheme used and the BER threshold chosen.

For the adaptive modulation scheme, as proposed in section 4.2, the modulation
needs to be updated for each 3 dB change in the channd response. From Figure 3-19
(&) we can see that when the transmisson is a a locd maximum that a tracking rate
of 4 Hz is aufficient to maintain a tracking error smdler than 1.2 dB for 99.9% of the
time. Even when the trangmisson is in a null a tracking rate of 8 Hz will ensure that
the tracking error islessthan 3 dB for 98% of the time (Figure 3-19 (f)).
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Figure 3-19, Radio channel response variation due to a person waking toward
the transmitter. (At 940 MHz) (script S0028)
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3.95 EFFECT OF TYPING ON A KEYBOARD NEAR THE
TRANSMITTER ON THE CHANNEL RESPONSE
Figure 3-20 shows the effect of a person waking up to the transmitter antenna,
gtting in front of it, and pretending to type (as though on a keyboard). This test was
peformed to smulate the effect of a WLAN transmitter attached to a notebook
computer. The transmitter antenna was located 15 cm from the hands of the person
typing. Figure 3-20 shows the results of this experiment. The measurement was
performed twice, once with the transmitter located so that the transmisson was in a
locd maximum in the channd response, and the other with it located in a loca
minimum.
The largest disturbance in the channel response occurred after the person sat down in
front of the antenna and lent forward. This is a result of the large disolacement of the
body so0 close to the antenna. The typing in front of the antenna had very little effect
on the channe response, resulting in only a 1 dB ripple for the antenna in a loca
maximum, and a 3 dB ripple for the antenna in a locd minimum. From Figure 3-20
() we can see that only a very low tracking rate (> 4 Hz) is required for an adaptive
modulation scheme, provided the sgnd is in a locd maximum. However if the sgnd
is in a loca minimum the tracking rate needs to be 15 — 30 Hz to ensure that the
tracking error is smdler than 3 dB.
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Figure 3-20, Fading causes by a person pretending to type on a keyboard 15 cm
from the transmitter antenna. (script S0028)
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3.9.6 EFFECT OF A MOVING PERSON ON THE CHANNEL
RESPONSE

This test shows the effect on the channd response of a person waking through a lab,
with a transmisson across the room. The test was peformed twice. One with the
transmitter postioned so that the receiver was in a null for the person a the sarting
podtion (locd minimum), and the other for the transmitter placed to have the
transmisson a a peak (locd maximum). The magnitude of the ripple in the recelved
amplitude was about the same in both tests, as expected. However, since the sgnd
power for the transmisson in the loca minimum is low this disturbance ripple
crested a large variaion in the received power. The power fluctuation for the loca

minimum case was 15 dB, as compared with only 4 dB for the local maximum.

From these results we can edimate the tracking rate required for implementation of
adaptive modulation. If a passve user alocation scheme (FDMA, TDMA, Random,
Comb, see section 4.2) than the user is just as likely to be dlocated a locd minimum
as a locad maximum. If we assume a maximum tracking error of 3 dB, and a 98%
tracking probability then a tracking rate of 12 Hz is required in the loca minimum to
cope with the disturbance of the person moving in the lab.

If adaptive user dlocation is used then users are dlocated pesks in the channd
regponse (locd maximum) and s0 the digurbance is smdler and requires less
tracking. From Figure 3-22 () we can see that for a loca maximum the disturbance
is smdl enough that only a very low tracking rate is required (< 4 Hz) in order to
maintain atracking error of lessthan 3 dB.

Although a tracking rate of 4 Hz will be sufficient when the receiver and tranamitter
ae dationary, it will not be enough if the transmitter or receiver is moved. Section
4.4 shows that when the antenna (transmitter o receiver) is moving a tracking rate of
around 100 Hz is needed for walking speed a 1 GHz.
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Figure 3-21, Movement of the person relative to the transmitter and receiver
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Figure 3-22, Fading caused by a person waking in the same room as the

transmitter and receiver. (script S0028)
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CHAPTER 4 MULTIUSER OFDM

OFDM has been used successfully in several broadcast systems, namely DAB and
DVB, and for point-to-point communicatiions [80]. However, its gpplication in
multiuser two-way communication sysems has been limited. Only recently has it
been applied to Wirdess LAN agpplications, with the development of HiperLAN2
[97] and |IEEE 802.11a[99].

OFDM is a good contender for the RF interface in 4" generation mobile systems,
however not much work has been done to date in addressing the issues of gpplying
OFDM in large scde multiuser gpplications. Multiusr OFDM  provides a very
flexible RF inteface dlowing usas to be dlocaed usng Frequency Divison
Multiplexing (FDM), by Time Divison Multiplexing (TDM) or a hybrid of
FDM/TDM. In addition to this, the multicarrier nature of OFDM dlows the radio
channd to be characterised and monitored quickly and eedly, presenting numerous
opportunities for optimising the overal system performance, such as.

Allocating user subcarriers s0 as to minimise Signd to Inteference Ratio
(SIR) in cdlular systems.

Allocate subcarriers to minimise the effects of frequency sdective fading.

Dynamicdly dlocate the modulaion scheme on an individud subcarrier
basis to match the current channel conditions.

Dynamicdly change the bandwidth of each user based on the link qudity.
This dlows the bandwidth of weak users to be reduced so that their energy
gpectrd dendgty remains sufficiently high to maintain communications
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41 NETWORK STRUCTURE

41.1 PEER-TO-PEER NETWORKING

Mogt current WLAN systems, such as networks using the IEEE 802.11b standard (11
Mbps DSSS), use peer-to-peer networking. This dlows computers to communicate
directly to each other. Computers on this type of network, typicaly connect to the
ret of the world via a sngle computer connected via a wired Internet connection.
This computer effectively acts as a virtud base dation, as adl extend data traffic is
routed through it. This type of networking is Smple to set up and doesn't require any
specia hardware for the virtud base dation. One problem with peer-to-peer
networking is that some of the gstations can become hidden from each other due to
shadowing or distance, preventing communication. This problem can be overcome
with various methods of multiple hopping of data packets, but this can cause system
complexity to be greetly increased, epecidly if dations are mobile.

M
Wired
external Data

External Data
(Internet)
— — )
Internal Data
(File Sharing)
Y& »
Bad Link

Figure 4-1, Peer-to-peer network. Users communicate directly to each other,
with no centraised control.

Peer-to-peer networking requires that dl dations can communicate with each other.
As a result most sysems use hdf duplex communications and transmit and receive a
the same frequency.

412  SINGLE CELL BASE STATION

One subset of peer-to-peer networking is to use a fixed base dation as shown in
Figure 4-2. All data traffic is routed through the base dation, smplifying routing as
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mobiles dways send data to the same computer. This set up is more suited to larger
WLAN sysems and has effectively the same gtructure as an isolated cdl from a
cdlular network. One of the man advantages of having a base dation is thet
additional resources can be added to it, such as improved antennas, diversity
reception and multiple channd processing. These resources on the base dation can
ggnificantly improve the peformance of the entire network. Additiondly due to the
centraised control, resources such as time and frequency dlocations can be
optimised.

€ > -
Wireless //1-....
External Data .'."'ﬁ : G
(Internet) . "‘@ Base Station
Wired IRLie RV K AR
External Data 7 et {.' &
-~ — ) / 7 ‘\*’1
Wireless — o [\//
Internal Data |~ » s
(File Sharing) /
Mobile

Figure 4-2, Base Station connected system. All data passes through the base
sation.
As dl traffic passes through the Base Staion (BS), the communication channe

conssts of aforward and reverse channdl.

4.1.3 FORWARD CHANNEL

The forward channd corresponds to the signal tranamitted from the BS to the remote
users. The sgnd from the BS is received by dl users, which then demodulate the
proportion of the sgnd rdevant to the user. Although the sgnd from the BS is
common to each user, the propagation path to each user is different. The sgna from
the BS is subjected to the transfer function of the propagation channd. In a multipath
environment this results in frequency sdective fading, which will be different for
each user.

One mehod for providing multiusr access is usng Frequency Divison
Multiplexing (FDM) by dlocating different subcarriers to each user. This however
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requires that the sgnds for al usars are time and frequency synchronised to esch
other.

In the forward link al user subcarriers are transmitted from the base dation, and thus
al subcarriers can be transmitted with perfect frequency and time synchronisation
with respect to each other. However in the reverse link, subcarriers from each user

are tranamitted from different sources, leading to possible inter-user interference.

Rx. User 2

Channel ZT Base Station

Transmit

Channdl 1 Spectrum
Pevml ) crmadg R

Figure 4-3, Forward Link in asingle cell system.

4.1.4 REVERSE CHANNEL

The reverse channel corresponds to the transmisson from the remote users to the
base gation. This link is more difficult than the forward link, as dl the transmissons
originte from multiple sources. It is therefore difficult to mantan orthogondity
between al sgnds, as the propagation effects such as path loss, frequency sdective
fading, delay spread and Doppler shift are different for al users.

Due to the spectrd overlapping nature of OFDM any loss of orthogondity can result
in high leves of inter-carrier interference. Frequency and time synchronisation errors
result in loss of orthogondity between subcarriers. A frequency offset error of 1 - 2
% of the subcarrier spacing resuts in a subcarrier power to interference ratio of 20
dB [85].
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Figure 4-4, Reverse link of an OFDM system using a single cell network and

FDM for user alocation.
Didortion in the transmisson causes spectrd Spreading due to inter-modulation
digortion. This can be a dgnificant problem if users are of different received powers,
as the digtortion products from a sirong user can swamp the signa from a week user.
This causes a problem known as near-far effect, as users that are close to the base
dation can swamp the sgnd from distant users. CDMA systems are very sengtive to
near-far effects, requiring that adl sgnds arive a the base dation with equa power
to within 0.5 - 2 dB of each other. In the reverse link of a CDMA system, the users
are not orthogona to each other, and so appear as noise to each other. It is the leve
of this noise that sets the limit to the capacity of the system. If one user has a Sgnd
that is twice the power (3 dB) of the other users, it is equivdent to 2 users. This
problem is overcome in CDMA systems by using very fast power control (typicdly
1500 updates per second). Multiuser OFDM systems are much less sendtive to this
problem, as the power leve difference between users is limited by spectrd
soreading, rather than inter-user interference as with CDMA. Therefore, if the
transmission is free of digortion, then there are no near-far problems. In a typica
system the power levels between users will need to be gpproximately 20 - 30 dB of

each other.
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4.2 ADAPTIVE MODULATION

Adaptive modulation is a powerful technique for maximising the data throughput of
subcarriers dlocated to a user. Adaptive modulation involves messuring the SNR of
each subcarrier in the trangmisson, then sdecting a modulation scheme that will
maximise the spectrd efficiency, while mantaning an acceptable BER. This
technique has been used in Asymmetric Digitd Subscriber Line (ADSL) [86], [87],
[88], to maximise the sysem throughput. ADSL uses OFDM trangmisson over
copper telephone cables. The channd frequency response of copper cables is
reaively congtant and so redlocation of the modulation scheme does not need to be
performed very often, as a result the benefit greatly out ways the overhead required
for measuring of the channd response. Using adaptive modulation in a wirdess
environment is much more difficult as the channd response and SNR can change
very rapidly, requiring frequent updates to track these changes.

Adaptive modulation has not been used extensvely in wirdess gpplications due to
the difficulty in tracking the radio channd effectively. Work has been done sudying
the use of adgptive modulation in dngle carier sysems [90] - [93], however not
many works have been published on use of adaptive modulaion in OFDM systems.
BeamReach is a new communications company that formed in March 2000. They are
utilisng adgptive modulation in conjunction with OFDM and beam forming [95].
Unfortunately little information has been released due to the propriety nature of the
research. In [94] the effectiveness of a multiussr OFDM system using an adaptive
subcarrier, bit and power dlocaion was investigated. Optimisation of the
trangmisson was achieved by minimisng the power requirement for a given
transmisson chane and user daa rate. It was found that the use of adaptive
modulation, and adaptive user dlocation reduced the required transmitter power by 5
- 10 dB. The work in [94] didn't however investigate the effects of channd tracking

errors on the BER performance.

This chapter outlines adaptive modulation and adaptive user dlocation, with a focus
on maximisng the user data rate and the QOS (connection access probability).
Section 4.3 shows the smulated performance of an adsptive multiusr OFDM
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sysem. This research dso invedtigates the effects of channd tracking errors on the
BER performance.

Work in this chapter, demondrates the effectiveness of using adaptive modulation in
conjunction with different user dlocation schemes. It dso provides insght into the
required tracking rate of the radio channd. Previous published work has shown the
effectiveness of adaptive modulation usng narrow bandwidth fading modds. This

chapter extends this to show smulations over wide bandwidth transmissons.

Mog OFDM sysems use a fixed modulation scheme over al subcariers for
amplicity. However esch subcarrier in a multiusr OFDM system can potentidly
have a different modulation scheme depending on the channd conditions. Any
coherent or differentid, phase or amplitude modulation scheme can be usd
including BPSK, QPSK, 8PSK, 16-QAM, 64-QAM, etc, each providing a trade off
between spectral efficiency and the bit error rate. The spectrd efficiency can be
maximised by choosng the highet modulation scheme that will give an acceptable
Bit Error Rate (BER).

In a multipath radio channd, frequency sdective fading can result in large varigions
in the recaived power of each subcarrier. For a channd with no direct sgnd path this
vaiaion can be as much as 30 dB in the received power resulting in a smilar
vaiation in the SNR. In addition to this, interference from neighbouring cells can
cause the SNR to vary dgnificantly over the sysem bandwidth. To cope with this
large vaidion in SNR over the sysem subcariers, it is possble to adaptively
dlocate the subcarrier modulation scheme, so that the gpectra efficiency is
maximised while maintaining an acceptable BER.

Figure 4-5 shows an example of goplying adgptive modulation to an individud

subcarrier asthe channd SNR varies with time.
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Figure 4-5, Adaptive Modulation. The modulation scheme is set based on the
SNR of the channdl.

The SNR must be greater than the threshold (chosen from Table 4-1) to

maintain a maximum BER. Excess SNR results in the BER being lower than the

BER threshold. This diagram assumes that the modulation scheme is updated

continuoudly and with no delay.
Usng adaptive modulation has a number of key advantages over usng datic
modulation. In systems that use a fixed modulation scheme the subcarrier modulation
must be designed to provide an acceptable BER under the worst channd conditions.
This reaults in mogt sysems usng BPSK or QPSK. However these modulation
schemes give a poor spectrd efficiency (1 - 2 b/gHz) and result in an excess link
margin mog of the time. Usng adaptive modulation, the remote dations can use a
much higher modulation scheme when the radio channd is good. Thus as a remote
dation approaches the base dation the modulation can be increased from 1 b/SHz
(BPSK) up to 4 - 8 b/gHz (16-QAM — 256-QAM), dgnificantly increesing the
soectrd efficiency of the overdl sysem. Using adaptive modulation can effectivey
control the BER of the transmission, as subcariers that have a poor SNR can be
dlocated a low modulation scheme such as BPSK, or none at dl, rather than causng
large amounts of errors with a fixed modulation scheme. This dgnificantly reduces

the need for Forward Error Correction.
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421 LIMITATIONS OF ADAPTIVE MODULATION

There are severd limitations with adaptive modulation. Overhead information needs
to be tranderred, as both the transmitter and receiver must know what modulation is
currently being used. Also as the mobility of the remote dation is increased, the
adaptive modulation process requires regular updates, further increasng the
overhead.

There is a trade off between power control and adaptive modulation. If a remote
dation has a good channe path the transmitted power can be maintaned and a high
modulation scheme used (i.e. 64-QAM), or the power can be reduced and the
modulation scheme reduced accordingly (i.e. QPSK).

Didortion, frequency eror and the maximum alowable power varigtion between
users limit the maximum modulation scheme that can be used. The received power
for neighbouring subcarriers must have no more than 20 - 30 dB variation at the base
ddion, as large varidions can result in strong sgnals swamping wesker subcarriers.
Inter-modulation  digtortion results from any nontliner  components in the
trangmisson, and causes a higher noise floor in the transmisson band, limiting the
maximum SNR to typicdly 30 - 60 dB. Frequency erors in the transmisson due to
synchronisation errors and Doppler shift result in a loss of orthogondity between the
subcarriers. A frequency offset of only 1 - 2 % of the subcarrier spacing results in the
effective SNR being limited to 20 dB [85]. The limited SNR redricts the maximum
spectrd efficiency to gpproximately 5 - 10 b/sHz.
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4.2.2 EFFECTIVE SNR MEASUREMENT

Delay through process of N

(Channel symbols
Compensation) Output
a /3 Demodulate Forward Data
_ N5 (Map from 1Q Error >
Subcarrier Vector to Data) Correction
(After FFT) b

Channel Delay
Response N symbols

Modulate Data
o—I 1

<|X|2>| () E

*b (Noise Power)
a7 SNR

v
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Figure 4-6, Algorithm for estimating the signa plus noise, to noise ratio
((StN)/N) for a subcarrier. This approximates the SNR when the noise is
significantly smdler than the signa power.

This is for coherent modulation schemes. The switch selects whether to use

blind feed forward estimation, or to use a known pilot symbol. To use the pilot

symbol, the SNR estimation must be synchronised with the received pilot

symbol. |x| is the absolute of the complex vector, <x> is the average.
Adaptive modulation requires accurate knowledge of the radio channd. Any errors in
this knowledge can result in large increases in the BER, due to the smdl link margin
used. The effective SNR of each subcarrier can be estimated by cdculating the noise
vector on the received sgnd after channel response compensation. Figure 4-6 shows
a block diagram of an dgorithm for estimating the SNR. The first gep is to equdise
the recaved data vector by dividing it by the measured channe response. This
agorithm assumes that the noise on this channd response measurement is zero. In
practice this is not the case as channd measurements will be subjected to the same
noise as we are trying to messure. However the noise on the channd measurements
can be minimised in severd ways including boogting the power of the pilot tones or

symbols, and combining results from multiple messurements.
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After equdisation, the noise in the signd is found by taking the difference between

the known reference 1Q vector for each subcarrier and the received 1Q vector. The
SNR is then found by finding the ratio between the dgnd power and the noise
power. These powers must be averaged over multiple symbols to smooth out the

vaiaionsin the noise

This type of measurement will treat any form of 9gnd degradation as noise, such as
AWGN, digortion, resdua frequency erors, Doppler Spread, etc. Transmitting a
symbol with known data alows the phase eror to be estimated, giving the Signd to
Interference, Noise and Didortion Ratio (SINADR) of each subcarrier. This
SINADR can then be used to sdect the modulation scheme. The SINADR s referred
to here as the effective SNR.

4221 NOISE VECTOR ESTIMATION
To estimate the noise vector we need to know what the correct vector should have

been. This can be achieved in two ways. One method is to use pilot symbols, which
have a precisdy known trangmisson vector, thus dlowing the noise vector to be
measured under dl conditions. This method is the most religble and fast method for
characterisation.

M odulation Spectral Required SNR (dB)
Scheme Efficiency BER < BER < BER < BER <
(Coherent) (b/s'Hz) 1x10 1x10™ 1x10°® 1x10°®
BPK 1 432 841 961 1042
oPK 2 7.33 1141 1258 1348
8-QAM 3 1138 1530 1645 1735
16-QAM 4 1390 1822 19.46 2043
3-0AM 5 17.75 2158 2074 2358
64-QAM 6 1994 24.39 25,60 2652
128-0AM 7 2362 27.60 2876 29.83
256-QAM 8 2574 3034 3160 3261
512-QAM 9 29.44 354 3475 3565
1024-OAM 10 3154 3629 3758 3859
2048-QAM 11 3523 3949 4067 4.75

Table 4-1, Required SNR to maintain a BER below a given threshold.

This is for an OFDM transmisson with AWGN, using coherent modulation,
with perfect channel characterisation. This table was derived from the results
shown in Section 2.6. (script snrthresh.m)

Another method is to use the demodulated data as though it was known data, which
IS approximately true provided that the BER is low. The demodulated data is
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remodulated to act as a reference dlowing the noise vector to be estimated. Using

this type of measurement alows the SNR to be tracked continuoudy without the
need for pilot tones or symbols. There are however limitations to this method. The
BER must be low in order for the SNR estimation to be correct, thus the minimum
SNR that can be measured accurately depends on the modulation scheme being used.
Table 4-1 shows the SNR to maintain the BER below three different thresholds, from
this we can edimate the minimum SNR that can be measured for each modulation
scheme. Each time there is a bit error in recaived sgnd, it will tend to make the
noise level gopear amaler than it redly is. However, if averaging is used the chance
of having more than one edimaion eror in the result is low, even if the BER is
moderatdy high (around 10°2). The lower limit to accuratdy estimating the SNR for
a particular modulation scheme will depend on the required measurement accuracy,
the amount of averaging used, and the forward error correction method. In a typica
sysem the lower limit to edimating the SNR will be the SNR required to
maintaining a BER of 1x10'2, which can befound in Table 4-1.

Ancther method for estimating the subcarrier SNR is to measure the recelver power
on each subcarrier. The channd equdisaion information can be used to measure the
receved power on each subcarrier. The SNR can then be estimated by taking the
ratio of the received power to the average noise floor. The levd of noise in most
tranamissons will be reaively congtant, and so a separate messurement of the noise
floor can be made. This method can estimate the SNR very quickly as it does not
require averaging over multiple symbols. The noise floor can be esimated by
averaging the noise vector over many symboals, thus alowing it to roughly track the
noise of the channdl.

423  SINGLE USER ADAPTIVE MODULATION

The performance of a sngle user adaptive modulation system was smulated over a
wide bandwidth fading channd. The pah loss measurement used for the smulation
was one of the measured channds shown in section 3.8. The power used in the
transmisson was st 0 that the average SNR was 1741 dB. This SNR was
iteratively chosen 0 that the average spectrd efficiency of the adaptive modulation
scheme was 2.0 b/gHz. This is so tha it could be compared directly with a fixed
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QPSK transmission. Figure 4-7 shows the resulting SNR of the channd, which varies
from O dB up to 25 dB depending on the fading depth. The sgna bandwidth of 65
MHz was divided into 200 subcarriers, and the adaptive modulation was updated
every 1 cm, of travel. This corresponds to a velocity of 54 km/hr a an update rate of
1500 Hz. A delay of one update period (1 cm in distance travelled) in the adaptive
modulation was used to dmulate the time required for the measurement and
redllocation of the subcarrier modulation schemes.

.
L:m:'tl 0.5 1 1.5 2
Distance (m)

Figure 4-7, Signd to Noise Ratio of wide band radio channel used for single

user adaptive modulation smulation. (script S0059)
In order to st up an adaptive modulation system an acceptable BER for the system
must be decided. This BER threshold is used for deciding the SNR thresholds for
each of the modulation schemes To complicate the matter dightly, the overdl BER
of the sysem will be higher than the chosen BER threshold as a consequence of
movement of the user and objects in the environmert, and the delay between channd
response measurement and the redllocation of the subcarrier modulation schemes.

For this experiment the systlem BER was chosen to be 1 10 as this was considered
to be low enough for most forward error correction schemes b work effectively. The
BER threshold used for the adaptive modulation alocation was chosen to be 2 10°
to ensure that find BER of the syslem maintained a BER of bdow 1 10™*. Figure 4-8
shows the resulting modulation scheme applied to each subcarrier as a function of the
postion moved by the user. The modulation scheme dlocated varied from no

modulation up to 5 b/gHz (32-QAM).
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Figure 4-8, Modulation scheme allocated to each subcarrier. (script S0059)

Note: Dark blue means no allocation applied to that subcarrier.

The BER of the modulation dlocation was edimated based on the delay in the
dlocation, and the SNR of the channd between the modulation updates. The BER
was 0ldy edimated based on the modulation scheme currently in use and the
channd SNR. Other detrimental effects were not smulated, including Doppler
soread, 1S, time and frequency sync erors and effects of digortion. This
samplification, should however ill give accurae results, as the above detrimenta
effects can be minimised with suiteéble sysem desgn. The BER as a function of
modulation scheme and channd SNR was edtimated usng the smulated results in
section 2.6. The channd SNR was cadculated with a distance sample rate 10 times
the update rate to ensure that fading between alocation updates was modelled
accurately. Figure 4-9 shows the location of the bit errors as a function of frequency
and space. This is very smilar to a contour plot of the channd SNR, with more
errors occurring around the trandtions between modulation scheme dlocations. The
bit errors are dso clustered around the faling edges of the channd SNR, where the
modulation is being reduced from a high to a lower modulation scheme. The erors
tend to occur here due to the delay in the alocation scheme. The BER threshold used
for modulation alocation was 2 10, which is 20 times lower than the resulting
BER of 45 10°. Thisisaso dueto the delay in the dlocation.
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BER: 4.51e-005, Mod Eff: 1.975bits/Hz/s, Mean SNR: 17.41dB
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Figure 4-9, Location of the bit errors for the adaptive modulation smulation.

(script s0059)
In addition to the adaptive modulation smulation, the peformance of a fixed
modulation scheme was smulated under the same conditions. The average spectrd
efficiency of the adeptive modulation scheme was 2.0 b/gHz, and so the fixed
modulation was smulated usng QPSK, to give the same spectrd efficiency. The
location of the bit errors is shown in Figure 4-10. As expected we can see that most
of the errors occur in the deegp fades in the channd SNR, and any region where the
SNR was less than 10 dB. Regions of high SNR have an eror rate of virtudly zero,
showing that they are under-utilised. The overal BER corresponded to 0.011, which
is extremely high, and gpproximately 250 times worse than the adaptive modulation
scheme,

The fixed modulation smulaion was repeated, but with a higher SNR. It was found
that the SNR had to be raised to 34 dB before the BER dropped below the BER of
the adaptive modulation scheme a a SNR of 17.4 dB. This shows that the adaptive
modulation dramatically decreased the effects of fading, alowing the SNR to be
lowered by 16.5 dB as compared with a fixed modulation scheme.
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BER: 0.0113, Mod Eff. 2bits/Hz/s, Mean SNR: 17.41dB
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Figure 4-10, Location of bit errors for fixed modulation of QPSK, for the same
channd as used for the adaptive modulation smulation (script S0059).
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43 MULTIUSER SUBCARRIER ALLOCATION

There are severd methods for dlocating subcarriers to users in a multiuser OFDM
sysem. The man five schemes ae to use a group of subcariers with a fixed
frequency, randomly hopped subcarriers, using TDMA, spread out subcariers in a
comb pattern and adaptive user dlocation.

The performance of these five different user dlocation schemes were smulated usng
the wide band radio measurements presented in Chapter 3 section 3.8. These data
sts are a measurement of the path loss to 10 locations with in the Electricad and
Computer Engineering building. The detalls of each messurement are shown in
Appendix C. The path loss was measured as a function of frequency and distance,
with it showing the dependence of frequency sdlective fading with space.

The multiuser dlocation smulation was peformed usng 10 users. The propagation
characterigtics for each user were obtained by matching each user to one of the
propagation measurements shown in Appendix C. The velocity of dl the users was
st to 3 m/s and the user dlocation was performed over a movement path of 2 m. All
five amulations used adgptive modulation in order to determine the modulation for
eech subcarier in each time dot, with the only difference being the subcarrier
frequencies dlocated to each user. The adagptive modulation and the subcarrier
frequency dlocation was updated at a rate of 250 Hz, which corresponds to a
distance travelled between updates of 4% of wavelength, for the carrier frequency of
1005 MHz used. The frequency dlocations we subdivided into 100 subcarriers over
the system bandwidth of 70 MHz. In practice the number of subcarriers would be
more than this, however the number was kept reasonably low so that the frequency

alocations could be seen in the smulation plots.

A BER threshold of 1" 10° was used to decide on the SNR thresholds for the
adaptive modulation dlocation. The choice of this BER threshold is arbitrary and
dependent on requirements of the find gpplication of the sysem. Changing this
threshold would result in a dight change in data throughput, however the generd
conclusons derived from the comparison of the different techniques would be the

same. In this amulation the adaptive modulation, and user alocation were performed
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with zero ddlay. The effect of adding delay to the alocation scheme is investigated in
section 4.4.

Perfect channd estimation was assumed in this smulation. This would enhance the
peformance of the smulated sysem as compared with a practicadl sysem. In a
practicd sysem the effects of noise in the channd edimation can be minimised
usng saverd techniques discussed in section 2.7, and so the absolute eror
introduced by assuming pefect channd edimation will be less than 05 - 3 dB,
depending on the sysem implementation. Since al the user dlocation schemes will
be afected in a smilar manner the error in the comparison between these schemes
will be much smaller (about 0.2 — 0.5 dB).

Two-dimensonad quadratic interpolation was used to find the channd response at
times matching the adaptive modulation tracking times. Finer interpolation was used
to find the response of the channd between the tracking times. This was then used to
estimate the BER due to channel response tracking errors of the system.

For each user dlocation scheme smulation, two tests were performed. The firg
smulation messured the peformance when dl the transmitters in the system used a
fixed trangmitter power of —10 dBm. Since the path loss to each of the users varied
by 40 dB the average recelved SNR aso varied by about 40 dB. The second
gmulation measured the performance when power control was used to st the
average SNR of dl users to 20 dB. This power control was performed by caculating
the average path loss of the channd from the base dation to each user, then setting
the transmitter power so that the average SNR at the base station was 20 dB. This
caculated transmitter power was fixed over the 2 m path moved by each user.

In eech of these amulaions multiple users are trangmitting & the same time in the
same frequency band. These multiple transmissons form a sngle OFDM sgnd a
the base dation's recaver. In order for these Sgnds to reman orthogond to each
other, they mugt dl be frequency and time synchronised with each other. The time
gynchronisation must be accurate to within the effective guard period length (shorter
then the actua guard period length due to channd delay spread), while frequency
gynchronistion mugt be sufficiently accurate as to mantan a sufficiently high
effecive SNR as to use the modulation schemes usad in the smulation. The
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maximum spectrum  efficency used in the adaptive modulation scheme used was
256-QAM, which requires an effective SNR of at least 32 dB (see Figure 2-31). If we
assume that the period between channd chaeracterisation pilot symbols is 16 symbols,
then from Figure 2-46 we can edimate that a frequency offset accuracy of less than
0.02% of the subcarrier spacing is required to ensure that the SNR is not degraded by
frequency errors. For a system with subcarrier spacings the same as HiperLAN2
(3125 kHz) the maximum dalowable frequency offset would be 625 Hz. At the
transmission frequency of HiperlLAN2 (5.2 GHz) a velocity of 3.6 m/s would result
in a Doppler spread of 625 Hz. In order to use 256-QAM & higher velocities a
multiuser Doppler spread correction technique would need to be implemented. The
best method for implementing this is currently unknown. The frequency error
tolerance of the sysem improves when the modulation scheme is lowered or the

number of pilot symbols or tonesisincreased.

431 FIXED FREQUENCY GROUPED SUBCARRIERS

The smplest user subcarrier dlocation scheme is to assign each user a group of fixed
frequency subcarriers. Grouping the subcarriers will tend to minimise the leve of
inter-user interference due to distortion, power level variation and frequency errors.
However, having a fixed group of subcarriers makes the transmisson susceptible to
fading, as the whole group of subcarriers can be logt in a null in te spectrum. Time
interleaving with forward eror correction can improve fading performance of a
moving daion. However for Sationary applications, static nulls can greetly degrade
performance. One method for overcoming the problems of fading is to use diversty
reception. A sudy of diversty using the same propagation measurements is outlined
in Appendix C.1.

Each user in this smulation was dlocated a continuous block of spectrum, 7 MHz in
bandwidth. The frequencies were fixed over the smulated path and showup as
horizonta stripesin Figure 4-11.
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Figure 4-11, Frequency dlocations for the fixed frequency group of subcarriers
simulation. (script S0059)

Each of the 10 users was dlocated 7 MHz bandwidth, shown as different

colours and tones in the figure.
Figure 4-12 shows the smulated performance for the fixed user dlocation scheme.
For the amulation usng a fixed transmitter power of —10 dBm, severa of the users
have insufficient power to support the bandwidth dlocated, and so their SNR is
insufficient to support even BPSK. These users have a dita rate of 0 bps. Severd of
the users have a very high SNR and o end up continualy operating a the maximum
spectrd efficiency, which in this smulation was set to 8 b/sHz.

The second smulation shows the performance when the path loss between the wers
is normaised using a rough power control. In this smulation the average SNR of
each user was st to 20 dB. Each of the ten users suffers from frequency selective
fading causng their data rate to vary dgnificantly with time. Each of the users
experienced fading of aufficent enough depth to interrupt the data trandfer
(modulation efficiency of 0 b/Hz). The length of these nulls was typicdly 5 cm in
length.

It can be seen from Fgure 4-12 (g) and (h) that the overdl system throughput was
higher for the dow power control experiment. This is Smply due to a higher average
SNR and does not imply that dow power control is better than a fixed transmitter
power. The absolute throughput of the dow power control sSmulation was not
intended to be compared directly with the fixed power smulaion, but more to
highlight the different properties of these techniques.
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Figure 4-12, Smulated performance from alocating a fixed frequency group of

subcarriers to each user. (script S0059)
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4.3.2 RANDOM FREQUENCY HOPPING

Fixed wirdess sysems suffer from problems caused by daic fading. In a gatic radio
environment the frequency sdective fading is congant resulting in datic fading. In a
mobile channd time interleaving can be used to cope with the brief periods when the
entire Sgnd is faded, however for a déic channd the fading period becomes
indefinitdy long in time, making time interleaving ineffective.

This problem of datic fading can be patly overcome by randomly frequency
hopping the subcarriers over a wide bandwidth. In the user dlocation scheme
described by [84], groups of subcarriers are transmitted in short time blocks. These
blocks are randomly frequency hopped to ensure that the time period spent in a null
would is relaively short, goproximately 11 symbols. To recover data logt during a
null, time interleaving and forward error correction is used. These come at the cost of
reduced system data capacity and increased delay. Grouping of the subcarriers dlows
the correlation between the subcarriers to be utilised.

A multiusr OFDM sysem usng random hopping subcarier dlocation was
smulated usng the same conditions as the fixed frequency grouped cariers in
section 4.3.1 . The peformance of the random hopping system is shown in Figure
4-14. The qudity of service for the random hopping is better than the fixed frequency
group dlocation. This is because the random alocation tended to spread the user
dlocation over the entire sysem bandwidth, minimisng the probability of dl the
subcarriers suffering deep fading a the sametime,
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Figure 4-13, Frequency alocations for each user with random frequency
hopping. - (script s0059)
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433 TIMEDIVISON MULTIPLE ACCESS ALLOCATION

Usng TDMA to separate users is one of the smplest methods for obtaining multiple
user access. This is implemented by dlocating each user unique time dots, during
which only a sngle user accesses the channd. The dlocation of time dots to
individua users can be achieved in saverd ways, with the most suitable depending
on the @gpplication and the type of daa beng transferred. With voice
communications, video and other red time congant bit rate applications, it is better
to pre-dlocate users fixed time dots, then cycle between them in a round robin
fashion. This ensures each user obtains the bit rate required and prevents collisons
between transmissons. However for mogt gpplications the data traffic tends to arrive
in random burgts. Data traffic tends to have amilar datistical properties over a range
of time scdes, from milliseconds, seconds, minutes, hours, and even weeks. This
means that data tends to cluster, and that these clusters aso tend to cluster [89]. This
can make pre-dlocaing of time dots inefficient, as mog of the time no data is being
transferred. To partly overcome these difficulties, it is likdy that the mogst efficient
dlocation scheme would be a dynamic hybrid of pre-dlocating users tha have a
congtant bit rate and dynamicaly dlocating users with avariable bit rate.

The peformance of a round robin TDMA user dlocation scheme is shown in Fgure
4-16. In this gmulation each user was dlocated the full bandwidth of the channd.
The 10 users were then dlocated evenly spaced time dots in a round robin fashion.
The peak transmitter power was boosted by 10 dB to ensure that the average power

was the same as the other user dlocation tests.

Figure 4-16 (&) shows the SNR verse distance travelled for al 10 users. The SNR is

discontinuous due to the switching of time dots between users.

The synchronisation requirements for TDMA dlocation is reduced compared with
dlocation schemes that dlow multiple users to transmit a the same time. These
include fixed frequency group dlocation, random dlocation, comb dlocation, and
adaptive user dlocation. The overlgpping of the subcarriers in the frequency doman
requires very tight frequency synchronisation between multiple users tranamitting a
the same time. TDMA dlocation removes the need for usars to be frequency
synchronised to each other.
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Figure 4-15, Frequency alocations for each user with TDMA. (script S0059)

Each user is shown as a different colour and tone. The users are allocated time
dots in a round robin fashion, during which the single user dlocated the time

dot uses dl the system subcarriers.
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Figure 4-16, Simulated performance for TDMA alocation. (script S0059)
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434  COMB SPREAD SUBCARRIERS

Saic nulls can occur for fixed wirdess gpplications causng problems if the
transmisson uses a sngle group of subcariers with a fixed frequency. Ingead,
subcarriers can be alocated in a fixed comb pattern, spreading them over the entire
sysem bandwidth. This improves the frequency diversty, preventing dl the
subcarriers usad by auser being lost in asingle null in the spectrum.

Trangmitting as a comb pattern requires user subcarriers to be interleaved with one
another, resulting in a large amount of overlapping energy between the users Any
dight loss of orthogondity due to frequency or timing erors can result in Sgnificant
inter-user interference. By comparison, grouping the user subcariers will dightly
reduce the energy overlap between users, thus reducing inter-user interference.
Despite these potentid problems this type of user dlocation is useful in gpplicaions
that cannot use adaptive hopping or random hopping, due to the added complexity.

Figure 4-18 shows the smulated performance of a 10 user multiuser sysem using
adaptive modulation and a frequency dlocation usng a comb paitern. The frequency
dlocation is shown in Figure 4-17. Usng a comb pattern results in a high frequency
diversty of the sgnd. The average IR of the subcarriers allocated to each user (see
Figure 4-18 (a) is very smdl with rdaive smdl fading (< 10 dB).

0 05 1 15
Distance (m)

Figure 4-17, Frequency alocations for each user with a comb frequency pattern.
(script S0059)
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435 ADAPTIVE USER ALLOCATION AND ADAPTIVE
BANDWIDTH

A new adgptive frequency hopping technique is proposed for multiussr OFDM
sysems such that blocks of subcarriers are hopped based on the current channd
conditions. After the radio channd has been charecterised, each of the users is
dlocated subcarriers that have a high SNR for that user. Since each user will be in a
different physcd location ther fading patern will be different. The drongest
subcarriers for one user are likely to be different from the other users. Smilarly the
subcarriers that are nulls for one user are likely to be strong in at least one other user
in the system. Thus in most cases users can be dlocated subcarriers with a high SNR,
alowing the entire system bandwidth to be used without any nulls

All the previous user dlocation schemes outlined from section 4.3.1 - 4.3.4 have
dlocated a fixed amount of bandwidth to each user, regardiess of the received signd
power. This has led to problems for users that have low received sgnd srength. The
SNR of these users was insufficient to support communications even usng BPSK.
The SNR seen at the receiver is dependent on the signal bandwidth, and so reducing
the bandwidth while usng the same transmitter power incresses the SNR of the
dgnd. For example, reducing the sgnd bandwidth by 10 times dlows the full
transmitter power to be concentrated into one tenth the bandwidth, increasing the
transmitted power spectral density by 10 fold, resulting in an improved received SNR
of 10 dB.

The main am of adgptive bandwidth alocation is to maintain communicaions with
users that have low recaved sgnd drength. This is achieved by reducing ther
bandwidth to the point where the transmitted power spectrd dendty is high enough
to support communications a a low data rate. This can be used as a method for
improving the qudity of service (i.e. decreasing the outage probatility).

Adaptive bandwidth by itsef will not be suiteble for al gpplications, especidly those
that required a fixed data ratle such as dreaming video and audio. In these
goplications a joint optimisation of bandwidth and modulation scheme could be
preformed to mantain a fixed daa rate, while minimisng the amount of bandwidth
used a any one time. This could be achieved by dlocating both the user bandwidth

and modulation scheme 0 that the spectrd efficency multiplied by the user
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bandwidth results in the required data rate. This way, as the signd strength becomes
wesker, the amount of bandwidth allocated to that user increases to compensate. This
fixed data rate optimisation is not included in the presented adaptive user alocation

agorithm, and could be researched as future work.

In order for the adaptive techniques (adaptive user dlocation, adaptive modulation
and adgptive bandwidth) to work effectively dl users in the sysem must be
frequency and time synchronised to each other in order to maintain subcarrier
orthogondity in the reverse link to the base dation. In addition to this, the base
dation requires complete knowledge of the channd response to dl the users in the
system. This makes full implementation of such a technique difficult, as the overhead
in requiring this information can be very high, paticulally if the mobile users ae
moving or the sysem bandwidth is low. The principles involved in adgptive user
dlocation and adaptive bandwidth can however be reduced to fit various
goplications, while till providing some optimisation of system efficiency.

4351 ADAPTIVE BANDWIDTH ALGORITHM

An dgorithm for implementing adaptive bandwidth alocation was developed to
invedigete its possble benefits. While the agorithm developed peforms reasonably
wdl, it is not optimd. The joint optimisaion of adaptive bandwidth alocation,
adaptive user dlocation and adaptive modulation alocation is reasonably complex.
One method would be to check each combination of user dlocations usng brute
force, however such a scheme would be extremey inefficient, especidly when the
number of usars and subcariers is lage The adaptive bandwidth agorithm
presented uses an iterative process dlocating users a given bandwidth; if this
dlocation reaults in the SNR being too low due to a low power spectrd dendty, then
the bandwidth to that user is decreased. The freed bandwidth is then re-alocated to
other users. The dgorithm is performed as follows:.

Adaptive Bandwidth algorithm used in smulations:

(1) Initidly dlocate dl users an equa number of subcarriers, using the adaptive user
allocation agorithm (see dgorithm shown in section 4.3.5.2).

(2) Cdculae the SNR of dl the subcarriers for a given user, based on the bandwidth
alocated and the particular subcarriers that were dlocated in step 1.
152



Chapter 4 Multiuser OFDM

3
(4)

)

Q)

(6)

Find the minimum SNR of the subcarriers dlocated to each user.

For each user check that every subcarrier alocated to that user, has a SNR greater
than a given threshold. This is done to ensure that each subcarier has a
auffigently high SNR to support a least BPSK modulation. A threshold of 12 dB
was used in the smulaions shown in Figure 4-19 and Fgure 4-20. If a user has
any subcarriers below this threshold then reduce the BN (number of subcarriers)
dlocated to that user. This frees up BW, making it available to other users. Make
sure that each user is adlocated a least one subcarier. This prevents the
degenerate case where a user is alocated zero subcarriers, which in turn makes
the etimated SNR infinite (The SNR is inversdy proportiona to the sgnd
bandwidth).

If dl subcariers meet the minimum SNR threshold, then the user dlocetion is
complete, SO gpply adaptive modulation to each subcarrier and exit. If the SNR d

one or more subcarriersis below the threshold then continue onto step 5.

Redigribute the free BW by dlocating it to usaers that have a SNR ggnificantly
gregter than the minimum SNR threshold. Tranamitting over a wider BW reaults
in a lower trangmitted spectrad dendty and received SNR. Thus there is no use
redllocating the extra BW to a user that is just above the SNR threshold, as this
would result in their SNR dropping below the threshold, defeating the purpose of
the redlocation. In the smulaions the extra BW was only alocated to users that
were a least 3 dB above the minimum SNR threshold.

To help with data load leveling, the extra BW should be dlocated to users that
have a low SNR fird, as usars with a high SNR will dreedy have a
comparatively high data rate and thus shouldn’'t need more BW.

Based on the new user BW adlocations, redlocate the subcariers to users by
repeeting the adaptive user allocation dgorithm (see dgorithm shown in section
4.35.2).

Repeat from (2) until al alocated subcarriers have a SNR above the required
threshold.

The exit for this dgorithm is in gep (4). It usudly tekes 3-5 iterations, however
under certain channd conditions there will be no solution for meeting the minimum
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SNR criteria, causng it to iterate infinitdy, so limit the number of iterations to
gpproximately 10 loops. No solution will be found when the received energy for one
or more users is insufficient to support a SNR above the threshold, even when keng
alocated a sngle subcarrier.

4352  ADAPTIVEUSER ALLOCATION ALGORITHM
This agorithm dlocates sysem subcarriers to each of the users based on the

bandwidth allocated to each user, and the SNR of the user channels. Subcarriers are
alocated to each user based on the frequency sdective fading of the channe for that
user. ldedly a system wide optimisation would result in dl users being dlocated
subcarriers that correspond to peaks in the frequency response for each of the users.
A fully optimised solution would however require an exhaudive search of dl
subcarrier-to-user  dlocation combinations, and thus would be very computationaly
intensdve. A ample agorithm is proposed that alocates subcarriers to users with the
lowest average SNR, thereby giving them first pick a the best subcariers. This
dgorithm will tend to maximise the qudity of sarvice rather than maximise system
spectrd efficiency.

The dgorithm outlined below peforms rdativey poorly if dl of the users have a
amilar average SNR, as the user with the highess SNR (even if it is only 0.1 dB
higher than the other users) will get last pick of the subcarriers. As a consequence it
may end up with subcarriers that are dl in nulls A farer dgorithm in this case might
be to dlocate single subcariers from each user in a round robin fashion.
Optimisation of the dgorithm is left to future research.

Adaptive User allocation algorithm used in smulations:
(1) Find the mean SNR over the entire system BW for each user.

(2) Peaform dlocation of subcarriers to users in-order, from, lowest mean SNR, to
highet mean SNR. This helps to ensure that weak users get access to the best

subcarriers.

(3) Sort the SNR response for the user being alocated, removing any subcarriers that
have dready been alocated to other users. The SNR response is the SNR of each
subcarrier as seen by that user. This will be different for each user, due to

propagation variations.
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(4) Allocate from the sorted SNR response subcarriers in descending order from best
SNR to worst SNR subcarriers to meet the BW required for the user. Repest from
step 2 until al users have been alocated.

4353 COMBINED ADAPTIVE USER ALLOCATION, ADAPTIVE
BANDWIDTH RESULTS

The smulated peformance of a combined adgptive user dlocation, adaptive
modulation and adaptive bandwidth system was measured under the same channd
conditions as previous smulaions outlined in section 4.3.1 through to 4.3.4 . In this
samulation the adaptive modulation, adaptive bandwidth and adaptive user dlocation
scheme was updated for each 0.041 of movement, where | is the wavelength of the
RF carrier. The performance of the syslem was measured at a finer spacing of 0.005l

in order to show the effect of channel change between modulation updates.

Figure 4-19 (@ and (c) show the performance of a sysem with a fixed user
transmission power of £10 dBm). From this we can see tha the bandwidth alocated
to each user varies due to the adaptive bandwidth scheme. In previous smulations
severd of the users could not support any data transmisson due to an insufficient
SNR. With adaptive bandwidth the weakest user was only alocated a bandwidth of
less than 1 MHz, ingtead of the usuad 7 MHz, (see Figure 4-20 (c)). From Figure 4-20
(e) we can see that the percentage time where the data rate is above O bps, is 100%,
which is much better than other dlocations schemes (fixed bandwidth group 79.4%,
Random frequency hopping 85.6%, TDMA 88.4% and Comb 85.8). This is a direct
result of the adaptive bandwidth alocation. A SNR threshold of 12 dB was used to
determine the maximum bandwidth that could be supported by each user. If ther
SNR was below 12 dB then the user bandwidth was reduced until the SNR of ther
weakest subcarrier achieved a SNR above 12 dB. The effect of this agorithm can be
seen in Hgure 4-20 (8) where the SNR of the wesker users hovers around the
threshold of 12 dB. Their SNR dips below the 12 dB threshold severa times due to
the dow tracking rate of the adaptive user dlocation (0.041 ).

For the smulation using power control, Figure 4-19 (b) and (d), the modulation
applied is very conggent, with little evidence of fading.

The sysem data rate with adgptive user dlocation is much higher than that achieved
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by any passve dlocation scheme. For the fixed tranamitter power the average system

data rate was 348 Mbps, which is 40% higher than the passve dlocation schemes
that dl achieved a datarate of approximately 250 Mbps.

Adaptive user dlocation combined with adaptive bandwidth and adaptive modulation
produces a sysem tha has both a very high qudity of service and a high spectral
effidency.

Fixed User Power of =10 dBm Slow Power Control, All usersaver age power
normalised to give SNR of 20 dB

E)
o

Frequency {MHz)
g8
=]
=
Modukstion (bdslese/Hz)

E &

=]

>
Madulation (bilesecHEz)

]

Figure 4-19, Smulated adaptive user alocation, utilisng adaptive bandwidth,
adaptive frequency, and adaptive modulation. (script S0059)

Results shown in (a) and (c) are for each user having a fixed transmission
power. The transmitter power in (b) and (d) were set so that the average
received power would result in an average SNR of 20 dB. (a) and (b) show the
frequency alocations for each of the users. Each user is shown as a different
colour. (c) and (d) show the modulation scheme used at each frequency. This
simulation assumed perfect channel knowledge for each user.
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Fixed User Power of =10 dBm Slow Power Control, All users average power
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Figure 4-20, Continuation of results from Figure 4-19
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(@ and (b) show the SNR for each user, (c) and (d) shows the bandwidth
allocated to each user, (e) and (f) showsthe resulting datarate for each user, and
(g) and (h) showing the overall system data rate. (script SO059)

SUMMARY OF USER ALLOCATION SCHEME
PERFORMANCE

4.3.6

The data throughput and QOS for a number of user dlocation schemes were
smulated. These schemes can be logicaly grouped into two types based on whether
the user dlocation was based on current channd conditions are not. Fixed frequency
grouped dlocation, TDMA dlocation, Random dlocation, and Comb dlocation dl
assign the user subcarriers with no congderation of the current channel conditions,
and so these can be grouped and are referred to as passive dlocation. As a contrast to
these schemes, adaptive user dlocation dlocates the frequency and time dots based
on the current channel conditions, and so can be consdered to be an active dlocation

scheme.
Fixed User Power (-10 dBm) Slow Power Control (Avg. SNR
User 20 dB)
Allocation System QOS BER System QOS BER
DataRate | (% User Data | (x10°) | DataRate | (% User Data | (x10°)
(Mbps) >0Mbps) (Mbps) >0Mbps)

Fixed Group 250.8 794 0.95 196.8 985 0.61
TDMA 2455 884 11 192.2 100 0.60
Random 249.3 85.6 14 1926 100 059

Comb 249.8 85.8 13 192.2 100 0.62

Adapt. User 3482 100.0 04 288.0 100 0.27

Table 4-2, Summary of system performance when using different user

allocation schemes. Note: al schemes used adaptive modulation.
It can be seen from Table 4-2 that the system data rate for dl of the passve user
dlocation schemes is gpproximately the same at around 250 Mbps. This is a result of
the uniform probability distribution of dl radio channds. All of the radio channds in
the smulation had a Rayleigh fading probability digtribution (see section 3.8). As a
result any passve dloceation scheme will dso suffer from Rayleigh fading, regardless
of how the frequency-time dots are dlocated. This means that the sysem throughput
of dl passve dlocation schemes will be gpproximately the same, as each of them
will have gpproximady the same SNR didribution and corresponding spectra

efficency.
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The only scheme that performed better is adaptive user dlocation. It resulted in a
higher system data rate, a higher QOS, and a lower BER, dl of which can be
atributed to the optimisation of the user frequency dlocation. The higher data rae is
a result of the users being dlocated peaks in the channel response, which reduced the
path loss and consequently resulted in a higher average SNR and data rate. The
higher QOS was a reault of the adaptive bandwidth dgorithm used. The lower BER
of adaptive user dlocation as compared with passve dlocation schemes is a result of
the users being alocated pesks in the channd response. The channd response
(magnitude of the channd response in log scale) changes dower at the peaks than the
nulls and as a result the channe tracking for adaptive modulation is more accurae.

This reduces tracking error and results in areduction in the BER.

44  TRACKING RATE REQUIRED FOR ADAPTIVE
MODULATION AND ADAPTIVE USER
ALLOCATION

Adaptive modulation and adaptive user dlocation are dynamic techniques that
require continua tracking of the changing channd conditions in order to perform
well. The redlocation of the modulation and the user subcarriers have to be refreshed
many times per second in order to maintain a high performance.

Two different user dlocation schemes were smulated (adeptive user dlocation and
fixed frequency group dlocation) a different tracking rates, both using adaptive

modulation.

Adaptive user dlocation has a different performance to passve dlocation schemes
such as random frequency hopping, fixed group or comb dlocation, as it ams to
deer clear of nulls in the spectrum. This improves the SNR of the subcarriers and
lowers the required tracking rate. This is because the rapid changes in the channd
regponse occur around the nulls, thus by avoiding them the channe appears to
change more dowly, consequently lowering the required tracking rate.
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Figure 4-21, BER as a function of the distance between tracking points for a

multiuser system using adaptive modulation and adaptive user alocation. (script

S0061)
Figure 4-21 shows the BER as a function of the update rate. For adaptive user
dlocation both the subcariers dlocated to each user and the modulation scheme
used were redlocated a each update. For the fixed group of subcariers, only the
modulation scheme was updated for each subcarrier. This Smulation assumed that
the BER of the link was determined only by the modulation scheme used and the
current SNR of each subcarrier. Perfect channd knowledge was adso assumed and
that the delay between the channd response measurement and redlocation of the

modulation scheme was zero.

Although the time between changing the modulation scheme was potentidly large
(up to 0.16l) in this smulation it was assumed that the equdisation of OFDM
receiver would be updated sufficiently fast to not cause a detrimental effect on the
communication link. Also other derimentd effects such as digortion, frequency
erors, Doppler spread, etc were not consdered. Also overheads required
implementing an adaptive user dlocation scheme, or adaptive modulation was not
included in the system data rate results. The main am of this Smulaion was to focus
on the potentia effectiveness of both adgptive modulation and adeptive user
dlocation.

In Figure 4-21 the distance has been normdised as a fraction of the wavelength of
the RF carrier.
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=T (@)

Where D is the normdised distance as a fraction of the wavelength, V is the velocity
of the user in nV/s, T is the time between adaptive modulation tracking (sec), | isthe
wavelength inm.

In the legend for Figure 4-21, the right most st of numbers shows the average
sysem cgpacity for each smulation result. The system capacity was nearly congtant
as a function of update digance, with it varying by less than 1%. Adaptive user
dlocation, with a link margin of O dB, achieved the highest system data rate of 304.1
Mbps, (an average of 4.34 b/Hz). The fixed subcarier dlocation method only
achieved 2114 Mbps (3.02 b/9Hz) for the same transmisson power and
communication channels. Adaptive user dlocation achieves a higher capacity by
exploiting the frequency sdective fading so that users are dlocated pesks in the
frequency response, improving the average received power by about 4 dB. If the
radio channds were completdy fla with no fading, both fixed frequency dlocation
and adaptive user dlocation would have performed equdly wdl. In fact the adeptive
user dlocation would have been worse since it requires overhead to perform the
adaptive dlocation. Note however that the above dmulaion has not taken this
overhead into account.

A link margin was added to the SNR thresholds determined by the BER. This link
margin would increase the required SNR for each of the modulation schemes,
resulting in the adaptive modulation ering on the dde of caution. A pogtive link
margin consequently resultsin areduction in the BER and system spectrd efficiency.

The SNR thresholds used to decide on the modulation dlocations were chosen to
give a maximum BER of 1" 10°. These thresholds can be found in Table 4-1.
However, a low speed, with a 0 dB link margin, the BER ends up being lower than
this threshold (approx. 2 10°°), which is a result of quantisation of the modulation
dlocation.

Another smulaion was done showing the BER when a link margin of 2 dB was
added to the SNR thresholds for a BER of 1 10°. Thisis dso shown in Figure 4-21.
The increased SNR threshold dramatically reduced the BER, but can at the cost of a
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reduced overall system capecity. The system data rate for adaptive user dlocation
dropped from 304.1 Mbps (4.34 b/IHz) when no link margin was used, to 260.3
Mbps (3.71 b/9HZ) for a 2 dB margin. This drop in the data rate is to be expected.
For coherent QAM the spectrd efficiency can be increased by 1 b/SHz for every 3
dB increased in SNR. Thus for a 2 dB margin we would expect 2/3 = 0.67 b/9Hz
drop in the system spectrd efficiency. The smulated results showed a drop of 4.34-
371 = 063 b/9Hz, closely matching the expected vaue of 0.67 b/sHz. The
advantage of this added link margin is that it alows the tracking rate to be lowered,
while sill maintaining the BER below the required threshold.

The lower limit on the BER that can be expected for adaptive modulation for a
chosen BER threshold can be calculated. The easest case is when the tracking rate is
aufficiently high that it gppears to be continuous. This is the case in Figure 4-21
where the distance between subsequent modulation updates is less than 0.01 “ | . If
the adaptive modulation is updated on a continuous bass then SNR of the channe
will dways exceed the minimum SNR to achieve the chosen BER threshold. This
excess in SNR, above the minimum threshold, results in the BER being lower than
the chosen BER threshold.

If we assume that the SNR of the channd varies in a random manner, then the excess
SNR will be gpproximately uniformly distributed between 0 and the SNR difference
between the modulation scheme thresholds. For coherent QAM modulation this
difference corresponds to 3 dB for each 1 bit/s/Hz incresse. The average BER for a
particular modulation scheme can be cdculated by taking the average of the BER
from the minimum SNR up to the threshold for the next modulation scheme. In most
sysems the SNR will vay sufficiently such that dl modulation schemes will be
used, thus the overdl BER will be the average of average BER reaults for dl

modulation schemes.
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BER Theoretical Resulting BER EffectiveMargin
Threshold (at high updaterate) (dB)

1 10° 14 10° 0.82

1 10* 17 10° 0%

1 103 24 10* 108

1 107 38 10° 1.24

Figure 4-22, Caculated BER for adaptive modulation. (script SO065)

Thisis for a high update rate (distance between updates less than | /100), using
modulation schemes from BPSK through to 1024-QAM. The BER verses SNR
for each modulation was found using smulation result shown in Section 2.6.

44.1 EFFECT OF DELAY ON THE PERFORMANCE OF
ADAPTIVE MODULATION

The effect of delay on the performance of a sngle user adaptive modulation system
was investigated. The set up of the system was the same as that in section 4.2.3 . The
delay between the channd measurement and the modulation alocation update was
varied and the resulting BER recorded. The adaptive modulation was updated 50
times for every wavelength of movement of the user. The smulation was performed
twice, a an average SNR of 17 dB and 30 dB. Figure 4-23 shows the smulated
performance. At 30 dB the BER is more susceptible to dlocation delay than a 17
dB. The reason for this is that a a low SNR the nulls in the channd are not used due
their low SNR, and consequently are not allocated data. As a result the subcarriers
that are in nulls do not contribute any bit errors. However when the SNR is high
enough (such as in the 30 dB smulation) al of the subcarriers have a high enough
SNR to be dlocated data, including the nulls in the channd. As a consequence of al
the subcarriers being used, the system becomes most susceptible to dlocation delay.
The channd response changes very rapidly in the nulls and so even smdl ddays in
the dlocation result in large erors in the channd tracking. This reults in the
maority of the errors occurring in these nulls. Fgure 4-24 shows the location of the
bit errors for the single user adaptive modulation scheme a a SNR of 42 dB. It can
be seen that most of the errors occur as the channd isfading into nulls.
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Figure 4-23, BER as a function of the delay between channel measurement and
adaptive modulation dlocation (script S0085)

BER: 4.75e-005, Mod Eff: 9.162bits/Hz/s, Mean SNR: 42dB
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Figure 4-24, Location of the hit errors in a single user adaptive modulation
scheme at a SNR of 42 dB. Channel measurement Figure A - 12 was used for
this smulation. (script S0059)



Chapter 5 Access Point Repeaters

CHAPTER 5 ACCESS POINT
REPEATERS

Wirdess networking is an emerging technology dlowing usars the freedom of
movement. The am of WLAN sysems is to provide users with a daa rae
comparable with wired networks within a limited geographic area. Currently most
WLAN poducts use Direct Sequence Spread Spectrum (DSSS) techniques, based on
the IEEE 802.11b standard, providing a data rate of 11 Mbps in the 2.4 GHz ISM
band [96]. The next generation of WLAN systems will be based on two smilar
WLAN sandards known as. HiperLANZ2 (Europe), and |IEEE802.11a (US) [97].
These support a physica layer transmission rate of up to 54 Mbps and use OFDM for
the physicd layer implementation.

OFDM is a multi-carrier modulation scheme, which has a high immunity to
multipath effects, and alows a wide range of carrier modulations schemes to be used.
HiperLAN2 adaptively changes the forward error correcting coding rate and the
carier modulation scheme (BPSK, QPSK, 16-QAM, 64-QAM) dlowing the data
rate to be maximised based on the current radio channd characterigics. Using a
higher spectrd efficiency modulation scheme, such as 64-QAM, alows the data rate
to be increased, but requires a higher Signd to Noise Ratio (SNR) for a fixed error
rae. Minimisng the path loss, dlows the SNR and corresponding data rate to be
maximised, as described in section 4.2.

Currently the number of WLAN sysems is rdatively low and thus interference
between most sysems is low. In addition to this most operate within buildings,
which provide dgnificant interference shidding by the outer wdls This results in the
SNR being primarily limited by transmisson power not intercdlular interference. If
we can therefore minimise the path loss over the coverage area of the WLAN, we

can therefore maximise the SNR, and the corresponding data rate.
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In a free space environment, the path loss is proportiona to the transmisson distance
squared. However, for indoor environments the path loss typicaly incresses much
faster with distance due of shadowing caused by absorption from obstructing objects,
such aswalls, cabinets, doors etc.

Shadowing can result in numerous regions of the building having an inadequate
coverage, resulting in a poor Qudity Of Service (QOS). This is a dgnificant problem
as the QOS of WLAN sysems is very important if they are to replace wired
networking.  Shadowing aso increases the average path loss compared with free

Space, requiring more transmission power, in order to maintain communications.

High qudity coverage of a building can be obtaned by usng a cdlular sysem as
shown in Figure 5-1 (a). Each base station forms a cdl, covering a smdl area of the
building. These cdls operate a different frequencies to prevent interference between
them. The path loss is minimised, as the digance from the mobile dation to the
closest base dation is minimised. Additiondly if the transmisson path to the closest
base gtation is blocked, the mobile can connect to another cell. However, this type of
implementation can be expensve, due to the requirement of a number of base
dations.  Additiondly it requires multiple frequency bands for cdlular
implementation and hand-offs between cdls increesng the sysem complexity. A
new method is proposed to augment the performance of a sngle cdl. This technique
is a gmpler and chegper method for obtaining relisble coverage, in an environment
that suffers from shadowing.

APR
) BS  BS|
\\ //
N 7
X(\Network BS PS

/, \
Ve \
7/ AN
/ N\,
Y—O BS BSOj
@

Figure 5-1, Methods for obtaining spatial diversity.

(b)

APR - Access Point Repeater, BS - Base Station, PS - Power Splitter /
Combiner. (a) Celular system with four cells controlled by four base stations,
connected with a wired network for hand off between cells. (b) Single multiple
transmission cell using Access Point Repeaters.
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5.1 SPATIAL DIVERSITY BY MULTIPLE REPEAT
TRANSMISSIONS

A form of spatid diversty can adso be achieved by splitting the sgnd from a single
central base dation and trangmitting the same sgnd from multiple locations around
the building to be covered. This is shown in Figure 5-1 (b). Shadowing is reduced
because there are multiple opportunities to receive the sgnd. Even if severd pahs
are blocked by wadls or buildings, others may have a reasonable transmission path.
Usng multiple tranamitters effectively reduces the trangmisson distance, as the
closest trangmitter dominates the sgnd power.

Transmitter

Transmitter

(b)
Figure 5-2, Pictoriad demongtration showing the difference in shadowing when
using a single transmitter (a), and 4 transmitters (b).

The total power in both cases is the same. With 4 transmitters the energy is
spread more evenly. (Produced using Corel 3D Dream 6.0)
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An example of how spatid diverdty maximises power efficdency is lighting of a
building. If you were trying to illuminate a typicd large building with a sngle light
bulb, the high opacity of the wals would result in many deep shadowed regions. The
amount of power that would be required, for al parts of the building to be reasonably
bright, would be extremdy high, as shadowed regions would be lit soldy from
reflections and gaps in obstructing wals, such as doorways. However, by usng one
light per room, the illumination will be much more even, with minima shadowing
and a reduced tota lighting power. The same is aso true for radio sgnds, thus by
usng multiple transmitters goread over the area of a building we can reduce the

average path loss.

Most communication sysems need two-way communications using a forward and
reverse link. Due to the reciproca nature of radio propagation, the properties of the
reverse link will be the same as the forward link. Thus, the path loss for the reverse
link can dso be minimised by usng multiple receive antennas connected to a single
central base dation. The receive and transmit antennas can be combined into one
unit, referred to here as an Access Point Repeater (APR). The use of APRs can
provide a Sgnificant improvement with minima expense.

The problem with usng APRs is the mobile recaiver will see sgnds from dl APR
trangmitters. The propagation delay from each transmitter will be different, and so
will arive a the recaeiver with a different delay. This is equivdent to receiving the
ggnd digtorted by strong multipath. This causes frequency sdective fading, and an
increase in the delay spread of the transmisson, which can result in Inter-Symbol
Interference (1S). This is paticulaly a problem for modulation schemes such as
Frequency Shift Keying (FSK), as the maximum symbol rate is limited by 1S caused
by delay spread.

Direct Sequence Spread Spectrum (DSSS) systems have a high multipath tolerance
when a RAKE recaiver is used [102]. A RAKE receiver uses corrdation to resolve
delayed copies of the sgnd caused by multipath propagation. These are then aigned
in time and combined. This dlows the sgnds from each of the transmitters to be
resolved and combined. The maximum delay spread that can be tolerated by an
IEEE802.11b DSSS WLAN system, using a 16-tap RAKE recalver, is 125 ns a 11

Mbps and 250 ns at 5.5 Mbps [103]. This levdl of multipath tolerance should alow
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APRs to be spaced out with a maximum diameter of about 20 - 35 m, dthough
problems might arise due to the increased ddlay soread. This smal antenna spacing
means tha there would be litle advantage in usng multiple APR with an
IEEE802.11b system as sufficient coverage can easly be obtained over 20 - 35 m

with asingle tranamitter.

OFDM has a higher multipath tolerance than DSSS, and alows for a much grester
range of modulation schemes to be used. Minimising the path loss dlows the SNR to
be increased, provided inter-cdlular interference is low. This improved SNR can be
utilised by adaptively setting the modulation scheme based on the SNR, alowing the
throughput of the systemn to be increased.

The high multipath tolerance of OFDM is a result of the low symbol rate used, and
the use of a guard period between symbols. The guard period is a cydlic extenson of
each OFDM symbol, giving protection agang 1S, provided it is longer than the
delay spread of the radio channel.

Multipath causes frequency sdective fading, which can result in subcarriers of the
OFDM dgnd being log in nulls in the spectrum. These nulls are typicdly handled
by including forward error correction to compensate for the lost data Adding
multiple transmitters will result in an increased delay Spread, resulting in a decrease
in the corrdation bandwidth of the channd. This will not cause any detrimentd
effects on the OFDM transmission, provided that enough subcarriers are used.

Indoor propagation normdly suffers from a combination of Rician and Rayleigh
fading [74]. Uang multiple APRs increases the level of multipath energy, as a result
of the recelver seeing the direct sgnd from each APR and the reflections from each
APR (see Fgure 5-3). This increase will tend to result in more aress in the building
suffering from Rayleigh fading. However this increase in fading should be more than
compensated for by the decreased path loss due to the multiple APRs. More research
is needed to establish the extent of the additional multipath when using APRs.
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Figure 5-3, Increase in the multipath delay spread as a result of using Access
Point Repeaters.

The overall impulse response with APRS corresponds to the sum of the impulse

responses from each APR antenna.
The use of multiple transmitters to obtain improved coverage was first introduced in
the Digitd Audio Broadcaging (DAB) sysem [20]. DAB uses OFDM with a low
symboal rate and a long guard period. With DAB, it is possble for dl trangmitters to
use the same frequency and transmit copies of the same sgnd, referred to as a Single
Frequency Network (SFN). For VHF band transmissions, DAB uses 1536 subcarriers
with a symbol time of 1 ms, and a guard period of 246 ns, dlowing transmitters to be
up 96 km gpart in a SFN, before the delay spread istoo large.

511  APRSPACING FOR HIPERLANZ SYSTEM

The maximum diameter for a HiperLAN2 system, usng APRS can be estimated
based on the length of the guard period used in HiperLAN2. If we assume that there
are two APRs in a uniform environment (uniform multipath scettering) the wordt-
case multipath will occur a a location gpproximately three quarters between the APR
antennas. At this digance the dgnd power from both transmitters is reasonably
gmilar, reaulting in ggnificant frequency sdective fading. Also a this disance the
time delay between the two paths is close to the maximum possble. If the recelver
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moves much closer to ether of the trangmitters then the dgna power will be

dominated by just one of the tranamitters reducing the multipath fading.

The guard period for HiperLAN2 is 800 ns, and so the first approximation for

maximum spacing between the tranamittersis:

5o Tee € _800"10° 3 10°
0.75 0.75

=320m

where D is the space between the transmitter antennas, Ter is the length of the flat
section of the guard period and c is the speed of light.

This edtimate is however overly optimisic for severd reasons. Some of the guard
period is needed to dlow for error in the accuracy of the time synchronisation,
shortening the dlowable dday sporead. Also band pass filtering in the transmitter and
receiver can introduce additional delay spread. In addition to this, the result would
only be vaid if we were only usng BPSK or QPSK. These modulaion schemes are
robust and can tolerate a large amount of 1S energy. However, HiperLAN2 uses
higher modulation schemes such as 16-QAM and 64-QAM, which are more sengtive
to 1S caused by dday soread, and as a consequence the maximum antenna
separation must be reduced. This will reduce the channd delay spread and the
resulting 19. In a typica building the RMS dday spread is in the order of 20 - 60 ns
(see Table 3-2). This is much shorter than the length of the HiperLAN2 guard period,
however the RMS dday spread is only a good indicator for robust modulation
schemes such as BPSK and QPSK. The RMS delay spread can be though of as
goproximatdy the time period over which hdf the channd impulse energy arives.
This means that the other 50% of the energy is spread over a longer period. For 64-
QAM, it can only tolerate a very smal amount of 1S energy. At a BER of 1 10>,
64-QAM requires an effective SNR of 25.6 dB. Channe noise, IMD, frequency and
time synchronisation errors, Doppler spread, channd equdisation noise and IS dl
degrade the effective SNR of the OFDM transmission, and so the degradation from
just ISl mugt result in an effective SNR of ggnificantly greeter than 25.6 dB. For this
reason it has been estimated that the level of ISl must be result in an effective SNR
of greater than 30 dB.

In order to maintain an effective SNR of greater than 30 dB the leve of ISl must be
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less than 0.1% of the symbol power, thus the guard period must be sufficiently long
0 that it covers the period over which 99.9% of the multipath impulse energy
arives. Mogt publications on multipath characterisation on have focused primarily
on the RMS ddlay spread [69], [71], [73], [76], [77], however what is needed is the
time period over which 99.9% of the energy arives. This time spread can be
edimated gpproximately by looking a the time spread over which the impulse
reflections have died away to bdow 30 dB the normalised power. This type of
measurement is known as the profile width and has been used in [77], [78], and [79].
Unfortunately dl these papers are for urban radio propagation, making there results
difficult to apply to indoor environments. However they do dlow the reationship
between the RMS ddlay spread and the profile width to be estimated. From these
results it was edimated that the profile width with a cut off of 30 dB beow the
normaised power is goproximatey 6 - 8 times that of the RMS dday spread.
Obvioudy this will vay based on the actud environment but it does dlow an
edimate of the guard period used up by multipath in a typicd building environment.
If the RMS ddlay spread is 20 - 60 ns than period over which 99.9% of the energy
arrives will be about 160 - 480 ns.

As wdl as protecting againg building multipath, the guard period in a HiperLAN2
system aso protects agang timing offset errors and dlows for some sSde-lobe
suppresson by usng a raised cosne windowing of 100 ns. Since the raised cosne
section of the guard period overlaps with the previous symboal its effective guard
period length is reduced. So if we assume that the effective Hiperlan/2 guard period
for multipath protection is reduced by 150 ns due to these factors than we get an
effective guard period of 650 ns. Taking into account the multipath spread of 480 ns
we are left with 650-480 ns = 170 ns. From this we can edimate the maximum

gpacing between the APRS to be gpproximately:

5o 170710°" 3 10° _
0.75

68m

Severd other factors haven't been included in this estimae, such as the posshle
detrimental effect of the decreased channed coherence bandwidth on channd
equalisation and degraded time synchronisation accuracy due to the larger dday

goread. As a result of these degradations, it is estimated that the maximum alowable
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range spacing for a HiperLAN2 network usng APRs is 40 - 60 m. Additiond

research is needed to verify this.

5.2 IMPLEMENTATION OF AN ACCESSPOINT
REPEATER

All APRs within the same cdl tranamit and receive the same sgnd, thus only one
base gation (BS) is needed per cell. For transmisson, the sgnd generated by a base
dation is split N ways, where N is the number of APRs. Coaxid cable or some other
medium, such as optic fibre, is used to deliver the sgna to each APR. The sgnd is
then amplified a the APR to compensate for any losses in the coaxid cable
transmisson. For reception, the reverse process is used. Each APR has a Low Noise
Amplifier (LNA) to compensate for losses in the coax, in order to maintain a low
noise figure. The recaived dgnds from al APRs are combined and demodulated at
the base dtation. Phase differences between the APRs have little or no effect as they
are corrected for, in the OFDM demodulation process.

v < ToBs |
: Q_ combiner :

e

Access Point Repeater

(a) Smple APR
T T RFfiler T T IF filter
4@ ™ (5GH2z) (1GHz)
(J @ ‘r*_,-

Clock
Access Point Repeater Reference

combiner

(b) High frequency APR where coax losses are too large. The signals to and
from the BS are sent on the coax at a suitable IF frequency.

Figure 5-4, Possible implementation of an Access Point Repeater.
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Figure 5-4 (a) shows a smple implementation of an APR, which can be used when
the loss in the coaxid cable is bw (< 20 dB). The mast-head amplifier operates a the
RF frequency and so no frequency trandation is required. A low frequency control
signd can be used to sdect whether to tranamit or recelve. For a full duplex system,
the RF switches can be replaced with diplexers.

In larger systems where the cable losses are too large, the dgnd can be tranamitted
on the cable a an IF frequency. Fgure 5-4 (b) shows one possble implementation
for an IF APR. A common clock reference must be used by al APRs to ensure
frequency synchronisation, otherwise frequency errors will reduce the orthogondity
of the OFDM, causng ICI. A suiteéble out of band clock reference must be
transmitted from the base daion. This common clock can then be frequency
multiplied usng a Phase Locked Loop (PLL) to generate the Loca Oscillator (LO)
for the IF-RF mixing. For such a design, care must be taken to ensure the phase noise
of the clock reference is low and that the clock sgnd does not interfere with the

recaived sgnd.

Another method for didributing high frequency RF sgnds is to use optic fibre. The
RF sgnds can be converted to opticd dgnas and transmitted over long distances
with optic fibre. This type of technology is currently being developed for use in
mobile phone applications as a method for producing pico sized cells[101].

5.3 EXPERIMENTAL SET UP

An experiment was s&t up to test the effectiveness of usng multiple trangmitters
(APR) to minimise shadowing in an indoor environment. The forward link from the
base dation to the mobile stations was tested, by measuring the effective path loss
from fixed tranamitters to a mobile recever. The pah loss from a sngle trangmitter
(amulating a sngle Access Point) was compared with the path loss when usng two
trangmitters (Smulating two APRS).

The path loss was measured a 235 locations on the second floor of the Electricd and
Computer Engineering (ECE) building a James Cook Universty. The measurement
locations and the building layout are shown in Figure 5-5. The internd wals are
shown as dark lines. The sdlection of the measurement locations, the postion of the
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trangmitters, and the condruction of the building can eesly influence the overal path
loss probability didtribution. However, the results presented will be representative of
the improvement that could be expected in a typicd building of smilar congtruction

to the one the measurements were taken in.

¥ Single Transmitter
¥ Dual Transmiller
Measurement Location
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Figure 55, Path loss measurement locations in the ECE building for APR
testing.

Lines represent internal walls. The thin lines ae plaster board walls, and the

thick ones are concrete walls.
The trangmitter st up is shown in Fgure 5-7. Smple monopole antennas were used
and were assumed to have an effective gain of 0 dBi, incuding matching losses. The
uncertainty in the gain of the antennas resulted in an asolute error in the path loss
measurements of approximately 3 dB and a differentid error between the single and

dua tranamitter measurements of 1 dB.

The dgnd drength at each location was measured usng a spectrum andyser on a
trolley, as shown in Fgure 5-6, and converted to path loss by compensating for
trangmitter power and receiver gain. A dightly different frequency was used for the
gngle and dud transmitters to dlow smultaneous measurements of the path loss.
The recever antenna was placed on a rotaing platform, as shown in Fgure 5-8,
which was turned during the received power messurement. Video averaging on the
pectrum andyser was used to average the power over a 0.6 m circular path swept by
the antenna. This was done to remove the effects of frequency sdective fading, and
obtain an accurate measure of the path loss. Even though the path loss was measured
using a continuous wave transmission, the results are dill valid for a wide bandwidth
sgnd.
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Figure 5-6, Photo of the mobile receiver trolley, showing the rotating antenna

on top, spectrum andyser in the middle, and the battery for powering the pre-

amp.
Due to limitations of the equipment avalable, the measurements were peformed at 1
GHz, rather than 5 GHz. This will tend to reduce the effects of shadowing, as the
opacity of most materias is lower a lower RF frequencies, thus we would expect the
effectiveness of usng APRsto improve a higher RF frequencies.

TX2a TX1 YV TX2b
+1.4dBm +4.4dBm +1.4dBm
Power Splitter
]
Signal Generator 1 ——LI—I
990.2 MHz

Signal Generator 2

990.0 MHz

Figure 57, Transmitter set up smulating Access Point Repeaters. The total
transmitter power from Tx2a and Tx2b were matched to the Tx1 power.
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Top view of trolley Side view of trolley

Antenna

Antenna Rotating platform

S~y 0.6m

~<~-—=-"" Movement of Antenna

Figure 5-8, The receiver antennawas swept over acircle to average out effect of
fading.

54  DISCUSSION OF MEASURED RESULTS

Figure 5-9 shows the path loss for the dngle transmitter. The path loss increases
rapidly with distance from the transmitter. The path loss in the bottom left corner of
Fgure 5-9 a location 5 m, 5 m, has a high pah loss of over 100 dB, which is
equivdlent to 1 km of free space loss, even though it is less than 20 m from the
trangmitter. Figure 5-10 shows the path loss when two transmitters were used. In this

case the path loss is lower and much more evenly distributed.

5:5 Eﬂ 5.5 Tlﬂ ?.5 IBﬂ 85 S0 95
Pathioss (dB)

Figure 5-9, Measured path loss with one transmitter over the area of the ECE
building at 990 MHz. (script S0011)

The dark lines are the interna walls. The = shows the location of the
transmitters. (script s0011)
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55 60 65 70 75 80 85 80 g5
Pathloss (dB)

Figure 5-10, Measured path loss for two transmitters over the area of the ECE
building at 990 MHz. (script S0011)

This ssimulates two APRs. Note the total transmitter power is the same as for the

one transmitter measurements. The ~ shows the location of the transmitters,

(script 0011)
Figure 5-11 shows the measured and simulated probability digtribution of the path
loss. It shows that the measured path loss is more than 7 dB lower when using two
transmitters as compared with one. This result is to be expected, as the longest
distance to a transmitter was reduced by 1.62 times. The typica path loss exponent
of an obstructed path within a building is 4 to 6 [119], as compared D a path loss
exponent of 2 for free space loss. We would therefore expect the path loss to be
reduced by 84 to 12.6 dB for a reduction in distance of 1.6 times. Since the
transmisson power is split over two transmitters this will reduce the received power
by 3 dB, thus resulting in an overdl improvement of 54 to 9.6 dB. This compares
wel with the messured improvement of 7 dB. Even though there ae two
transmitters, the received sgna power tends to be dominated by the closest
transmitter due to the igpid fal of power with distance. This is why the improvement
in dgnd power can be edimaed with reasonable accuracy by considering the
reduction in distance to the transmitter.
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Figure 5-11, Probability of path loss over the measured area of the building.
(script 0011)

5.5 REDUCTION IN CELLULAR INTERFERENCE

At a large distance, multiple APRs appear as a point source and so the received
power is the same as when using a single Access Point, where the totd transmitted
power is the same. This means that the interference to neighbouring systems is
goproximately the same regardiess of the number of APRs used, for fixed tota
transmisson power. The near field path loss can be reduced by 7 dB usng two
APRs, dlowing the totd transmitted power to be reduced by up to 7 dB for the same
SNR. This will reduce the overdl interference to distant (distance is greeter than the
dianeter of the APR WLAN sysem) WLAN sysems by 7 dB. Further
improvements could be made usng a higher number of APRs. Usng one APR per
room could potentidly decrease the near fidd path loss by 20 - 30 dB, adlowing a
large reduction in externd interference with suitable power control. The reduced

interference will dlow a better frequency reuse in acdlular system.

56 SHADOW MODELLING

A smple ray trace pah loss mode was developed to dlow continued investigation
into the use of multiple access point repesters. This is Smilar to the modd used in
[75]. A 2D modd was used ingtead of a 3D one for smplicity and to reduce the
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amount of smulation time. The 2D modd cdculates the path loss dong radid rays,
which ae converted to a fixed rectangular data grid usng interpolation. The
rectangular grid dlows the sgnd power from multiple transmitter sources to be
added together.
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Figure 5-12, Attenuation calculations for aray passing through two objects.

The path loss dong each ray is found by cdculating its intercept to each object in the
environment. The loss through each object is cdculated based on the reflection
coefficient of the object surface and the distance through the object. Each surface the
ray intercepts results in energy being reflected causng a jump in the accumulated
atenuation. As shown in Fgure 5-12 (a), surface 1, 2, 3, 4 result in jumps in the
accumulated object loss shown in Figure 5-12 (b). In this mode, the amount of
reflected energy is congtant regardiess of the angle of the ray. This reflected energy is
not caculated as another ray, and isignored to smplify the modd.

In addition to reflected losses, each object absorbs energy as the ray passes through
it. This is cdculated as a loss proportiond, in dB, to the distance travelled through
the object medium. The loss dong the ray is accumulated as the ray passes through
multiple objects. This loss is then added to the loss calculated by the standard free
gpace radio path loss eguation to obtain the overdl atenuation with distance. The
radio path loss equation is

180



Chapter 5 Access Point Repeaters
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where P is the path loss (dB), | is the wavdength of the radio sgnd (m), Ris the
disance from the transmitter (m), and a is the path loss exponent. For free space
propagation, a = 2. The smulation caculates the path loss due to objects, and so
idedlly, the path loss exponent used in the smulation should be two. However due to

the smplicity of the modd, a path loss exponent of 2.65 was found to best maich the

measured results.

5.6.1 INTERCEPT CALCULATIONS

Fgure 5-13 shows the method used for finding the intercepts between the ray being
caculated, and the objects in the environment. Each object is represented as a set of
vertices. The intercept points were found by caculaing the intercept between in the
line equations that join the object vertices and the line equation for the ray. If this
intercept lies within the bounds of the two lines then this is taken as an object
intercept. The process is repested for each line that makes up the surface of each
object and then for dl objects in the environment. After al object intercepts have
been found the attenuation aong the ray is cdculaed in a piece wise manner. The
ray is initidly assumed to sart on the outsde of dl objects, and so the first object
intercept indicates the point where the ray enters into an object. Each pair of object
intercepts represent the entering and exiting of objects. This modd assumes tha the
objects do not overlgp. The attenuation caused by each object is found by
multiplying the object absorption coefficient (in dB/m) and the distance between the
entry and exit points of the object. In addition to this a fixed amount of energy is aso
assumed to be reflected from each surface of the object.
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Figure 5-13, Diagram showing the method for find the intercepts between a ray

and an object.
Once the path loss has been calculated dong dl rays, it is converted to a rectangular
grid sysem usng 2D cubic interpolation. This normdisaion of the grid locations
dlows the sgnd power from multiple smulations to be combined. This dlows for
dmulation of multiple tranamitters, and the invedigation of interference between

transmitters in neighbouring cdls Figure 5-14 shows the converson from the polar
grid to rectangular.

o Rectangular Grid
(used for plotting)

Polar Grid (pathloss
found at locations on

Ray (line of pathloss
calculation)

Figure 5-14, Polar to rectangular conversion used for plotting of smulated path
loss.

The path loss is calculated along at each point on the polar grid. These results
are then converted to a 2D rectangular grid using 2D cubic interpolation.
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5.6.2  SPACIAL ANTI-ALIASING

Aliaang effects can occur in the path loss amulaion due to the finite number of rays
used. This problem becomes more acute when the number of rays is smdl. This
problem in shown in Fgure 5-15. Averaging multiple smuldions, each with the
trangmitter moved dightly, can sgnificantly reduce this problem. Good results were
obtained by moving the transmitter in a circular area, with a radius equa to the
wavdength. Averaging of the trangmitter movement smoothes shadowing, reducing
the fine shadows due to gaps and overlgpping joins between objects. This aso gives

acrude approximation of diffraction for objects close to the tranamitter.

Transmatter

{c)

(b} Ray just
misses object

Figure 5-15, Example of spatial diasing due to finite number of rays used.

A ray that just misses an object, or one that just intersects an object results in
shadowing which is disproportionate to the objects.

5.6.3 MODEL VERIFICATION

The radio model was compared to the measured results to verify the modd accuracy
and to adjust the modd parameters to give redigtic results. The materid properties of
the wals were measured directly and are shown in Table 1. These values compare
wdl with vaues measured in [75]. The wals were found to be non homogeneous,

caused by wiring, reinforcing, suds, and near by objects, making accurate
mesasurements difficult.

In the amulation, the material properties of the wals were optimised to obtain a

good maich between the smulated and measured building path loss shown in Figure
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5-9 and Fgure 5-10. The reaulting smulaion parameters were found to closdy
meatch the direct wal loss measurements, as shown in Table 5-1. Figure 5-16 shows
the resulting match between the measured and smulated results. This figure shows
the percentage area of the building (Y-axis), which has a path loss worse than a
specified path loss in the X-axis. For example, 20% of the building has a path loss of
greater than 90dB when uding a dngle tranamitter, where as it is only 3% for two

tranamitters.

wall Type Thickness Total Attenuation Direct M easurement of

(m) (dB) wall loss (dB)
Plaster Board 013 145 15+1
Concrete 0.2 3.80 4+15

Table 5-1, Materia properties of the internal walls.

This shows direct measurements and wall loss found by smulation optimisation
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Figure 516, Cumulaive Didribution Function of the path loss within the
measured and smulated building. (script s0011)

564  SIMULATED RESULTS

Figure 5-17 and Figure 5-18 show the smulated path loss for a sngle and double
tranamitter respectively, for the same building and transmitter location as measured
data shown in Figure 5-9 and Figure 5-10. The probability didribution of the path

loss is shown in Fgure 5-16. The man difference between the smulated and
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measured results is that the smulated results are smoother, which is the result of the

smple environment mode!.

In addition to smulating one and two tranamitters, the path loss was smulated with
four and eight trangmitters. The tranamitters were podtioned in the smulaion to
goproximatdy maximise ther effectiveness. Figure 5-19 and Figure 5-20 shows the
smulated results for 4 APR and 8 APR respectively. These show that the path loss
continues to decrease sgnificantly as the number of repesaters is increased. This is
despite the fact that the energy being transmitted by each repeater becomes smaller
and smdler, as the total transmisson power is fixed. Figure 5-21 shows the path loss
digribution for dl the smulated results. The path loss for the worst 2% of the area of
the building was improved by 7 dB when usng two transmitters, 16 dB for four

transmitters and 22 dB for eight tranamitters.

(m)

(m)

55 60 6 70 75
Pathloss (dB)

Figure 5-17, Smulated path loss for one transmitter at 990 MHz. (script SO011)

The  shows the transmitter location.
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(m)
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Figure 5-18, Smulated path loss for two transmitters at 990 MHz. (script
0011)

The  showsthe location of the transmitters.

55 60 65 ?Iﬂ T.5 80 85 a0 85
Pathloss (dB)

Figure 5-19, Simulated path loss for four transmitters for 990 MHz. (script
s0011)

The  shows the location of the transmitters.
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Figure 5-20, Smulated path loss for 8 transmitters for 990 MHz. (script SO011)

Note the total transmission power is the same as for one transmitter. The .
shows the location of the transmitters.
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Figure 5-21, Cumulative Probability Digtribution for smulated results, showing
the result for 1, 2, 4 and 8 transmitters. (script s0011)
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5.7 ACCESSPOINT REPEATER PERFORMANCE WITH
A MOVING INTERFERER

Previous smulations and measurements show that adding multiple trangmitters
ggnificantly reduces the path loss within a building, improving the cgpacity and
quaity of service. This reduced path loss should dso improve the tolerance to
outsde sgnas, caused by inter-cdlular inteference or a mobile Sation operating at
the same frequency near by. To invedigate this possbility a smulation was set up
using the radio model developed in section 5.6.

Two buildings were set up sSde by sde to smulate neighbouring buildings. Both
buildings in the smulaion used the same lay out as the Electricd and Computer
Enginesring building a JCU. This modd was used as it has been previoudy verified
with measurement. If a different building modd were used, it would result in a
different shadowing pettern and thus a different result, however the genera results

would be much the same.

The top building was set up as a fixed wirdess LAN system using 1, 2, 4, or 8 APRS.
The interference between this WLAN and a moving interferer was smulated. The
interferer was moved from the outsde of lower building then moved in a draght-line
passng through the lower building and out the other Sde. The sgnd to noise ratio
over the area of the top building was cdculated for each movement of the interferer.

571  SNR CALCULATION

The Signd to Noise Ratio (SNR) at each point in space was caculated based on the
transmisson power of the APRs and mobile interferer, the path loss with shadowing
from the buildings, and the thermd and dectricd noise in the receivers based on the
transmission bandwidth.

NR= PLAN - (P| + NP) (5'2)

Where P an is the power recaived from the fixed wirdess LAN system (from the
APRS) in dBm, R is the power from the interferer in dBm, and Ne is the noise power
from therma and electricd noise, dso in dBm.
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The received power for multiple APRs was cdculated by adding the power received

from each APR.

& 0
Pl =10|09109a (Tk XHk)T (dBm) (5-3)
ek=1 [
Where A is the number of APRS, Tk is the tranamitted power from each APR in mW,
and Hy is the channd gain from the transmitter to the receiver. The channd gan is
the ratio of the transmitted power to the received power and was found using the ray
trace modd, and isthe inverse of the path loss.

For the interferer the caculation was the same except that there was only a sngle

trangmitter.
R =10l0g,,(T, *H,) (dBm) (5-4)

Where T, is the transmitted power from the interferer in mwW, and H; is the channd

gan from the interferer to the recaver.

In addition to interference noise, theema and dectricd noise was incdluded in the
SNR cdculation:

N, =10log,,(KTB)+ NF (dBm) (5-5)

Where K is Boltzmann's constant (1.38x102% JK), T is the antenna temperature in K,
and B is the bandwidth of the sygem in Hz. NF is the noise figure of the recaiver (in
dB), which isamessure of the added dectrica noise by the receiver eectronics.

For the smulations the bandwidth was set to 20 MHz, the NF st to 10 dB, the
antenna temperature set to 300 K, the interferer power set to 100 mW, and the tota
APR trangmitter power to 200 mW.

5.7.2 RESULTS

Fgure 5-22 shows the signd power for the interferer and APRs, from which the SNR
was cdculated. The performance of the smulated WLAN system was measured by
taking the average SNR over the area of the top building. From this cdculated SNR
the spectra efficiency of an OFDM sysem was edimated for a sysem using
adaptive modulation. Coherent QAM from 1 b/sHz to 10 b/YHz were used and

189



Chapter 5 Access Point Repeaters

dlocated based on a BER threshold of 1" 10“. Figure 5-23 shows the resulting
spectra efficiency as the interferer moves through the lower building. The spectrd
efficiency is more than double for 8 transmitters compared with a single tranamitter,
corresponding to an improvement of 10 dB. The interferer has the most detrimental
effect when it is outsde the lower building, which is to be expected as the building
will tend to shield and contain the interference.

As wdl as spectrd efficiency, the QOS was estimated by measuring the percentage
aea of the building where the SNR was insufficient to support a spectrd  efficiency
of a leest 1 b/gHz (SNR > 84 dB). Fgure 5-24 shows the QOS of the WLAN
sysem in the top building as the interferer is moved. For the WLAN system usng a
sngle APR between 25 - 40 % of the building is not covered indicating a poor
peformance. However, increasing the number of APRs improves the performance

consderably, with both 4 and 8 APRSs resulting in an average outage of less than 1%.
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Interferer (passesthrough thelower buildi ng) Wanted signal, for 1, 2, 4and 8 APRs.
(each ” isan APR)

Figure 5-22, Received signd power for interferer and wanted signal. (script
s0010)

The interferer column shows the results at four points in the smulation. The
APR column shows the result for 4 separate smulations. (colourbar in dBm)
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Figure 5-23, Average spectra efficiency over the area of the top building, as a
function of the movement of the interferer. (script sSO009)
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Figure 5-24, Qudlity of service provided in the top building in the smulation.

(script SD009)
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58 CONCLUSON

Usng multiple Access Point Repeaters is a low cost method that can be used to
reduce shadowing and near fidd path loss within a building. This alows a reduction
in intercdlular interference with suitable power control. It was shown experimentaly
to decrease the near fidd path loss by 7 dB @ 1 GHz within an indoor environment,
usng two repeaters as compared with a single transmitter. Smulated results show
that the improvement can be as much as 20 dB for eight trangmitters. Usng multiple
APRs will result in an increase in the recaeived multipath, however OFDM systems,
including HiperLAN2 and IEEE802.11a should be able to tolerate this without
detrimental effects. This tolerance should dlow a maximum spacing of 40 - 60 m
between any two APRs in a HiperLAN2 cdl. Usng APRs can be used to minimise
the effects of interference, by improving the coverage within a building. This adlows
a reduction in the frequency reuse in cdlular and neighbouring WLAN networks
improving the overall pectral efficiency.
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CHAPTER 6 GENERATION OF LOW
CREST FACTOR MULTI-TONE
SIGNALS

One disadvantage of OFDM s that the pesk of the sgna can be up to N times the
average power (where N is the number of subcarriers). These large pesks increase
the amount of inter-modulaion digortion resulting in an increase in the eror rate.
The average sgnd power must be kept low in order to prevent the transmitter
amplifier limiting. The variability of a sgnd is normaly meesured by its crest factor
(CF), which corresponds to a measure of the peak to average envelope power of the
modulated RF carier. Minimisng the CF dlows a higher average power to be
trangmitted for a fixed pesk power, improving the overdl sgnd to noise retio a the

receive.

This chapter describes how the CF of a sampled sgnd can be measured accurately,
and outlines severd techniques for minimisng the cres factor of multi-tone dgnds.
The term Discrete Multi-Tone (DMT) is used throughout this chapter to describe the
OFDM dggnds under invedtigation. Although these terms refer to the same dgnas,
OFDM implies data communications, while DMT gmply describes the ggnd
gructure. The term DMT is used here to emphasise the focus on the multi-tone

nature of the sgnas rather than the use for communications.
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Figure 6-1, The magnitude of the complex base band DMT signal (shown in
red) represents the envelope. (script S0001)
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6.1 CREST FACTOR MEASUREMENT

The CF is a measure of the pesk to average power ratio of the RF envelope. We
however want to be able to caculate the CF from the base band signal, as smulating
an RF waveform requires an extremdy high sample rate, resulting in excessve
computational overhead. Figure 6-1 shows the same DMT Sgnd generated at
different centre frequencies usng a red waveform. As the centre frequency is
increased, the envelope caused by DMT modulation can be clearly seen. Another
method for finding the envelope accurady is to generate the DMT centred on DC,
usng a complex waveform raher than red waveform. Figure 6-1 dso shows the
megnitude of the DMT cdculated a base band usng complex waveform. It can
clearly be seen that the magnitude of the complex waveform corresponds to the
envelope of the carrier. Let the complex base band signal be defined asin.

§(t) = SI (t) + J >SQ (t) (6'1)
When thisis quadrature modulated to RF the Sgnd can be written in polar form as.
s, (t) = a(t) xcos(2p xf t +q(t)) (6-2)

where a(t) is the amplitude and (t) is the phase of the Sgnd. Thus

alt)=1s (1) +s°(t) (6-3)

The CF is the ratio of the peak envelope power to the mean envelope power, taken
over a given time period. Since we ae interested in the CF of individud DMT
symbols the time period is taken to be the symbol time of the DMT sgnd. The
definition of the CF is shown in Equation (6-4), where T is the DMT symbol period
[108].

e, 1015, EEEET )

¢mean(a®(t))+
e o<t<T a

(6-4)
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Figure 6-2, Envelope for 26 tone DMT symbol for different phasing schemes.
(script SO005)

Low CF uses the phasing method described later in this chapter (see section

6.2).
Figure 6-2 shows three DMT symbols. These symbols have equa power on each of
their subcarriers. The difference between them is that the phase angle of the
subcarriers is different. The CF of a DMT is dependent on the phase angle of the
subcarriers. If the phase of the subcariers is set to zero, or a linear ramp, the
envelope will be the same as a band limited impulse. This has the worst case CF,
which corresponds to N for N subcarriers, thus in dB, for the 26 subcarriers the CF
will be

CF =10log,,(N) =10log,,(26) =14.14dB (6-5)

6.1.1 RANDOM PHASE DMT SYMBOLS

Usng a random phasng scheme results in a variable CF depending on the phase
sequence. Some sequences result in a low CF while others give a high CF. The
digribution of the CF follows approximady a lognorma Probability Didribution
Function (PDF). This means thet the PDF of the log of the CF (i.e. CF in dB) follows
a norma digribution function (bel curve). This can be seen in Fgure 6-3. This type
of digribution results in most of the symbols having a moderate CF, typicdly around

7 - 10dB, with only a very smdl number having a very high or low CF. As the
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number of tones is increased the mean CF dso increases, however the standard
deviation decreases, thus the spread of the CF distribution is decreased.

0.16j —— 8 T, mean:7.09dB, STD:0.91dB -

< A 32 T, mean:8.26dB, STD:0.621dB
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Figure 6-3, Crest Factor probability distribution function (split into 40 bins) for

simulated random phase DMT signals, with 8, 32 and 128 tones (script S0032)
Studying random phase DMT symbols is dso ussful for andysng the CF
digribution for digita data trangmisson usng OFDM. If we assume that the data is
random and that the transmisson uses a phase modulation scheme such as QPSK,
16-PSK, etc, the digtribution of the CF of the data symbols can be considered to be
close to a random phase digribution. Figure 6-4 shows the digtribution for random
phase DMT symbols. This plots shows tha for data transmissons the CF will only
very rady go over 11 dB (less than 0.1% of the time) even for a large number of
subcarriers such as 1000. This CF is much lower than the wors-case CF of

10" logio(N), where N is the number of subcarriers. For 1000 subcarriers the wordt-
case CFis 10" logip(1000) = 30 dB.
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Figure 6-4, CF didribution of phase modulated OFDM signas verses the
number of tones. (script S0032)

Note: most (99.9%) random phase DMT symbols have a CF much less than the
worst case of 10 log;o(number of tones).

6.1.2 MEASUREMENT OF CREST FACTOR

Care mugt be taken when egtimating the CF of a waveform, paticularly for a discrete
time sgna. Accurate measurement of the CF requires that the true pesk of the
waveform be accuratdy measured. If the Sgnd under investigation occupies close to
the full nyquig bandwidth, then there will be few samples representing the fast
trangtions in the waveform. This can lead to large erors in pesk edtimation, as
shownin Figure 6-5.

One method for measuring the pesks accurately is to interpolate the sgnd, and then
measuring the pesk of the resulting sgnd. The greater the signd is interpolated the
better the estimate of the true peak and consequently the higher the accuracy of the
CF measurement. This method assumes that the reconstructed sgnd will be perfectly
frequency band limited. In practice when the sgnd is converted back to andogue,
nonrideal recondruction, such as diaing nortlinear amplification, and non-ided
frequency response, will result in dight variations in the pesks of the waveform, and
consequently changes in the CF. This amount of deviation from ided is however
typicaly smdl (0.01 - 0.1 dB).
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Using interpolation to find the peak accurately

—
1 1.000 -e- Original
e . t—
—e— Interpolated

0.5
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Time (samples)

Figure 6-5, Accurate measurement of CF requires accurate measurement of the
peaks in the waveform, which can be found using interpolation. (script S0004)

6.1.3 ESTIMATION OF ERROR IN CF MEASUREMENTS

The accuracy of the CF measurement of a waveform can be estimated theoreticdly.
If we assume that the modulating waveform is a Sne wave, then we can cdculate the
amount of eror in the CF measurement as a function of the over-sampling of the
waveform. Obvioudy, a multi-tone waveform is not the same as a sne wave. For an
arbitrary phase modulated DMT sgnd the pesk estimation will tend to be worst for
sections of the waveform that are changing quickly. The higher the frequency of a
sgnd, the fager it will change, thus a sne wave a the nyquis rate (frequency = hdf
the sample rate) should approximate the fast changesin the DMT waveforms.

A

-,-— e —— yp

Amplitude

Figure 6-6, Worst case peak estimation sampling.
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Figure 6-6 shows the waveform for the CF error edimation, which is a sne wave
with amplitude the same as the carrier. The sampled locations are shown as red dots.
The worgt pesk egtimation will occur when the two sample locations around the true
peek are the same in amplitude. Due to the symmetrica nature of the sne wave, this
will occur when the true pesk is exactly haf way between samples. Let y(t) be the
modulaing sne wave, with y  the true pek of the waveform and y, be the

estimated peak, based on the sampled waveform. Let N be the number of samples per
haf cycle of the sne wave. This means tha N is the interpolation rate. For the
minimum interpolation rate of one (N = 1), there would be two samples per cycle of
the sne wave, hence the frequency would correspond to the nyquist rate. t is the

sampletime, thusin terms of phase:
_P
t = 6-6
N (6-6)

Since N is the number of samples per hdf cycle and there are p radians per haf
cycle.

The estimated pesk can be found from the samples that are centred one either side of
the true pesk. The amplitude of these samples is equd, and s0 the edtimated
amplitude can be found using the sample to the left of the peak.

y, = A+AgnZ®. 10 (6-7)
€2 2g

Thus the estimated peak, as a function of the over sampling rate N is,

y, = A+ AsnRE. 100 (6-8)
g2 e Naogg

To find the error in the CF measurement for the sample signd, we need to find the

CF for the continuous sgnd and the sampled sgndl.

£  Peak power _ max(]ly(t)|2)\

C
mean power mean(ly(t)| 2)

(6-9)

The CF for the continuous waveform is:
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max(A+ Asn(q)) [~

CF, = :
" mean(A+ Asn(q))|q =0 (6—10)
_(2A° _8
1.5A* 3
The CF for the sampled signd will be:
CF, =Y
1.5A
6-11
eA+ Asng— 1 oguu (6-11)
N a1
1.5A°
Cancdlling out A and expanding the squared top term we get:
1ud
1+2d9 Al - "

Fe 15

Thus the eror in the CF estimation can be determined by the difference between the
CF of the continuous waveform and the sampled waveform. The CF cdculated
previoudy was in linear scale, however the error in dB is what is of interest, thus CF
error can be found by difference between CF, and CF. after converting to dB. Thus
the error in the CF estimation for the sampled systemis:

CF,., =10log,, CF, - 10log,, CF, (6-13)

error

dranB g S B ;EOG
_ &80 [4) o+
CI:error _1O|Oglogga 10'0910(; 15

:
4, B S B L2

(6-14)
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6.14  SIMULATED RESULTS

A dmulation was s&t up to verify the theoretical eror estimate, and to find how
much effect having a DMT sgnd ingead of a sne wave enveope has on the CF
measurement. The smulation was peformed by generding a large number of
random phase, complex base-band, DMT dgnals. These were generated at different
amounts of interpolation. The interpolation was done in the frequency doman by
increesing the sze of the IFFT used for trandform from the frequency domain to the
time waveform. The unused subcarriers were st to zero. The CF for eech DMT
symbol was measured a different amounts of interpolation, from 1 to 128. The
interpolated result with the highest CF was assumed to be best estimate of the true
CF for that waveform. The CF error was found by taking the difference between the
highet CF and the CF found for al other rates of interpolatiion. This process was
repeated with different random phase DMT symbols, and the highest error for each
level of interpolation was recorded. Fgure 6-7 shows the smulated results The
predicted results match the smulation results closdy provided the number of carriers
is greater than 2, and the interpolation rate is greater than 1.

(Search of 20000 random phase DMT symbols)

N —e— 2 carriers
\\ A~ 8 carriers

il —— 256 carriers
i —— Predicted

Worst Crest Factor Estimation Error (dB)

1
10 10
Oversample rate

Figure 6-7, Maximum error in CF measurements as a function of over sampling
of the DMT signals. (script s0002)

The over sampling is the smulated bandwidth used divided by the minimum
nyquist bandwidth for the signa. This is a plot of smulated DMT results, and
theoretical results for a sine wave modulated subcarrier.

203



Chapter 6 Generation of low Crest Factor Multi-Tone Signals

6.1.5 CF ERRORSIN PRACTICE

The CF can be theoreticdly cdculaed very accuratdy for a waveform using
interpolation. However, when it comes time to generate the signa in practice, severd
factors will make the CF different from the theoreticd. The main two effects that
dggnificantly change the CF ae the frequency response and digtortion of the
trangmitter. Most low CF DMT generation dgorithms assume that the amplitude of
al subcarriers is equa, and that the phase angle of these subcariers is used to
generate a low CF. However in practice no sysem will have a pefectly fla
frequency response, resulting in some of the subcarriers having more power than was
assumed in the phasng scheme. This modifies the waveform and will typicdly result
in a worse CF. Digortion will dso change the CF, particularly dipping of the Sgnd,
which tends to reduce the CF of the Sgnd.

6.2 CREST FACTOR MINIMISATION USING GENETIC
ALGORITHMS

This section outlines a new phasng method for generating ultra low Crest Factor
(CF) OFDM symbols. This phasng scheme uses genetic dgorithms to optimise the
phase of the subcarriers to minimise the CF of the waveform. The result of this
process is that symbols with a CF as low as 0.65 dB are possible, which is 0.7 dB
lower than any previoudy known agorithm. These ultra low CF symbols @n be used
for channe esimation due to the known phase angle of the subcarriers transmitted.
This makes them useful for pilot symbols in coherent modulation or for adaptive
modulation to alow tracking of the radio channd.

Because of ther ultra low CF, the average power of these symbols can be boosted
sgnificantly (~6 dB) while 4ill maintaining the same pesk power as data symbols.
This dlows the channd egimation to have an improved SNR and thus improve
channel estimation and speed.

Severd phasng schemes have been previoudy developed, producing low overdl
CFs. We start out by looking at the performance of these techniques.
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6.21  SHAPIRO-RUDIN PHASES

Shapiro and Rudin (1954) [104] showed that for multi-tone sgnd with N tones (N is
a power of 2) that by setting the phase of the subcarriers to 0 or pi, in a particular
sequence, that this could yield a crest factor of 2 (3 dB). The sequence is defined as
follows. We dat with the gring p=11, and repeatedly concatenate to p a copy of p
with its second half negated. For example:

Length Shapiro-Rudin Phase Sequence
2 s={1 1}
4 s={111-1}
8 s={111-111-11}
16 s={111-111-11111-1-1-11-1}
32 s={111-11-111211-1-1-11-1111-111-11-1-1-1111-11}

Table 6-1, Shapiro-Rudin phase sequences for generating low CF DMT signals

The phase of the subcarriersisthen setto Oif sc=1,and p if ¢ =-1.
(6-15)

If N is not a power of 2 the crest factor is dill low, with it dipping to 2 when the
number of tones is a power of two. To generate a non-power of two number of tones,
the phase sequence is truncated from both directions. Figure 6-8 shows the crest
factor as afunction of the number of tones for Shaprio-Rudin's phasing scheme.

Shapiro-Rudin Phase scheme
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Figure 6-8, Crest Factor of a multitone signad when using Shaprio-Rudin's
phasing scheme. (script S0067)
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Time Envelope of thesignal Spectrogram showing time dependence of the
frequency response
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Figure 6-9, Time envelope and spectrogram for DMT based Shaprio-Rudin's
phasing scheme. (script SO055)

Thisisfor a224-tone signal.

Shapiro and Rudin's scheme is interesting in that the phase angles used are discrete,
and semi-random. This differs from the other schemes such as Newmann [105] and
Narahashi [106] (as described later) as these schemes vary the phase continuoudy in

aquadratic form.

6.2.2 NEWMANN PHASES

D. J Newmann proposed varying the phase in a quadraic fashion in 1965 [105].
Equation (6-16) cadculates Newmann phases where N is the number of subcarriers
and Kk is the index of the particular subcarrier. Fgure 6-10 shows the crest factor as
the number of tones is varied. The worst case CF is 3.6 dB, which is for 3 tones. For
greater than 10 tones the CF is less than 2.8 dB. The CF approaches an asymptote of
2.6 dB as the number of tones tends toward infinity.

p(k-1° (6-16)

a= N
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Newmanns phasing scheme
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Figure 6-10, Crest Factor for Newmann's Phasing scheme. (script sS0067)

Figure 6-11 shows the time waveform and spectrograph of a 224-tone sgnd usng
Newmann's phasing scheme. From the spectrograph it can be seen that the signd is
very dmilar to a linear frequency sweep. If we take a sngle continuous tone it will
have a congtant envelope power, resulting in a CF of 0 dB. If this tone is then swept
dowly, then we end up with a sgnd gmilar to a DMT dgnad produced by
Newmann's phasng scheme. The main difference is the trandents a the dart and
end of the sweep. The FFT of the DMT will be pefectly fla in the frequency
domain, and will have a smdl amount of ripple in the time domain, resulting in a CF
of greater than O dB. Conversdy, the linear frequency sweep will be perfectly flat in
the time domain, but have adight ripple in the frequency domain.

Time Envelope of thesignal Spectrogram showing time dependence of the
frequency response
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Figure 6-11, Time envelope and spectrogram for DMT based on Newmann's
quadratic phasing scheme. (script SO055)

Thisisfor a224-tone signal.
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6.23 S NARAHASHI AND T. NOJMA PHASING SCHEME

In 1994 S. Narahashi and T. Nojima [106] proposed a new phasing scheme based on
a result amilar to Newmann. The phase of each of the subcariers is set as in
equation (6-17). The reaulting crest factor is very dmilar to Newmann's phasng
scheme except that it performs dightly better than Newmann's method for small

number of tones (< 6). However, Newmann's method is consstently better for N >
24,

(k- k- 2) (6-17)
N-1 ©

S. Narahashi and T. Nojima phasing scheme
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Figure 6-12, Crest Factor as a function of the number of tones for S. Narahashi

and T. Nojima phasing scheme [106] (script S0067)
The time waveform and spectrograph of a 224-tone DMT dgnd generated using S.
Narahashi and T. Ngjima's phasing scheme is shown in Figure 6-13. Not surprisngly
it is dmog identica to that obtained usng Newmann's method, as both schemes use

a quadratic phase equation of approximately the same gain, and both give about the
same CF.
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Time Envelope of thesignal Spectrogram showing time dependence of the
frequency response
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Figure 6-13, Time envelope and spectrogram for DMT based on S. Narahashi

and T. Nojima s quadratic phasing scheme. (script s0055)

Thisisfor a 224-tone signal.
In 1995, S. Narahashi presented a new method for producing low CF symbols [107].
Ingead of developing an equation to minimise the CF, an iterative optimisation
procedure was performed. The agorithm garts with a random phase sequence, and
then uses despest descent minimisation on the variance of the instantaneous
envelope. This process is repeated for many random phase sequences and the best
resulting sequence is kept. This agorithm results in a much lower CF symbols than
previous methods. Figure 6-14 shows the resulting CF using this agorithm compared
with the GA method presented in this chapter.
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—A— Genetic Algorithm Optimised
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Figure 6-14, Crest Factor for the steepest descent optimised phasing scheme
proposed in [107]. (script S0034)

Also shown is a comparison with the result obtained using the proposed
technique presented in section 6.2.4 , using genetic algorithms to optimise the
phase sequence.
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6.24  GENETIC ALGORITHM PHASE OPTIMISATION

The envelope of a DMT dgnd is extremdy complex as the phase angles of each of
the tones in the sgnd interact to give condructive and dedtructive interference at
different points aong the resulting time domain sgnd. It is easy to obtan the
resulting time domain waveform for any given subcarrier phase sequence, however it
IS not essy to obtain a method for optimising the phase sequence to minimise the CF
of the resulting DMT waveform. The addition of each new subcarier into a DMT
sgnd, effectivdy adds another dimengion to the problem, and so to optimise the CF,
the searching must soan a large multi-dimensond space to find the optima solution.
This makes it impossble to peform a brute force numericad optimisation, as the
number of optimisation variadle is too large. For example a 100-tone DMT sgnd
has 100 variables that need optimisng. To make this even worse, the space defining
the relationship between the phase sequence and the resulting CF is fractd in nature.
This means tha there are many dmilar good solutions, making it difficult to ever
find any globd minimum.

There is no known direct analyticd method for caculating a phase sequence that will
result in the minimum CF possble [107], and so previous published research has
focused obtaining a minimisation of the CF by usng a mathematica agpproximeation
for the envdope of the DMT symbols [105], [106]. Two of the most important
phasing schemes developed using this technique have been outlined in section 6.2.2
and 6.23 . CF minimisstion was achieved by usng andyticd minimisstion of
envelope approximation. This method resulted in good solutions (CF of 2.6 dB), but
does not approach the lowest CF possible.

This thesis presents a new method for obtaining phasing schemes that result in DMT
dggnds with a very low CF. The method presented uses Genetic Algorithms (GA) to
perform a searching agorithm to find low CF phase sequences. This method does not
rely on any gpproximations for the sgnd envelope and s0 results in a much better
end solution. The lowest CF obtained using this method was 0.65 dB, which was for
64-tone sgnd, making this 2 dB better than andytica techniques. This process uses
numericd searching to obtain good solutions and s0 the performance of the end

result is dependent on the amount of computer processng applied to the problem,
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and so it is Hill an open question as to how low the CF can be made for a multi-tone
signd.

Genetic Algorithms solve problems in a completdy different manner to andytica
minimisation. GA dlows the optimisaion of abitrarily complex sysems without
requiring a mahematica understanding of how the optimisation is to be done. It is
adso vay wdl suited to optimiang problems that have a very large number of
variadbles that require optimisation, as in this case. The use of GAs has gained
popularity in the lagt few years as a method for optimising complex problems [114] -
[116].

GAs are based on the principles of Darwinian evolution. To use genetic dgorithms to
solve a problem, the solution is represented as a sequence of variables known as a
genome (or chromosome). In the case of optimisng the phase scheme for generation
of low CF DMT symboals, the genome corresponds to the sequence of phase angles
goplied to each tone in the DMT dgnd. Multiple genome sequences are used,
making up a population. The genomes within a population ae dl different,
representing genetic diversity. The actud problem domain to be optimised is defined
by the trandformation from each genome to its performance or fitness. For the case
under investigation, the fitness corresponds to caculating the CF of the DMT for
each of the phase sequences, where the lower the CF, the higher the fitness of the
phase sequence. Optimisation occurs by sdlecting the highest peforming phase
sequences, then using these to creste a new generation by mutating these sequences.

Figure 6-15 shows the agorithm used to perform the CF minimisation.

6.241  GENETIC ALGORITHM USED FOR CREST FACTOR
MINIMISATION OF DMT SIGNALS

The dmulation garts with an initid population of phase sequences. The length of
each sequence corresponds to the number of tones being smulated. The fitness of
each phase sequence is measured by caculating the crest factor of the DMT dgnd
with subcarrier phase angles set to the phase sequence. The sequences are then sorted
by fitness. A percentage of the best sequences are kept for reproduction to make the
next generation, and rest removed, smulating deeth. The surviving sequences are
pared up randomly, smulating sexud reproduction. Enough pars ae made to
restore the population back to its origind size. Each pair forms one resulting phase
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sequence, by usng a random splicing location. To this new sequence a smdl amount
of random noise is added to Smulate mutations in reproduction. The amount of
random noise added is initidly reatively large, but is decayed with the generations.
This amulates a form of sdtled anneding. A large amount of mutation noise dlows
the problem domains to be widely searched; however it tends to prevent any settling
into minima, resulting in a poor peformance in the long run. Usng a smdl amount
of mutation noise results in a very dow progresson, requiring a large number of
generations to be smulated. In addition to this, it dso tends to result in the process
lodging in a locd minima, leading to a poor peformance. Stating with a large
amount of mutation noise, then reducing it with the number of generations, results in
good overdl performance. In the smulations performed an exponentid decay was
used, with a decay time congant of 400 generations. In each of the smulaions a
population size of 1000 was used, and 200 of the best sequences were selected to

cregte the next generation.

Fgure 6-16 shows the CF as a function of the number of tones in the sgna when
usng the GA oulined above. For symbols with more than 12 tones the CF is below
1.4 dB, and for 60 — 350 tones the CF is below 1.0 dB. For greater than 200 tones,
the crest factor is atificaly high due to insufficient number of generations Smulated,
as a reault of the large number of computations required. For up to 56 tones the
number of generations smulated was 5000. Above this, the number decreased
graduldly to 1200 generations for 512 tones. Mot of the smulations were
peformed on the university supercomputer, with an approximate totd smulation
time of 10 CPU months (233 MHz processor). This large amount of smulation time
was required due to the large number of generations and the large number of
different test st as the number of tones in the signd was varied from 2 to 512. The
number of generations needed to gpproach the minimum possble CF, varies as a
function of the sze of the population used, the amount of mutation noise, the starting
phase sequence and the number of sequences kept to make the next gneration. This
samulaion time could have been dgnificantly reduced had the GA parameters been
more optimised. This prompted the research on parameter optimisation shown in
section 6.2.4.2.

Appendix D contains tables showing the optimised subcarrier phasing.
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Figure 6-15, Genetic Algorithm used to minimise the CF of the DMT
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Evolved Crest Factor verses number of tones
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Figure 6-16, Best crest factor found using GA verses the number of tonesin the
signd. (script s0020)

%\ Number of tones: 224

z 1 —

8_0_9 [//"" o

= J, Vg

20.8 (/_//,/

B 0.7 ” i

_E 0.6 TSD /’/“

g {17

©0.5 /’/

}:04 /‘A e —_ S.N.T.N

gos ’,/’/ /’Lf —©O- G.A. optimised

o A'/ .--’/"""f A~ Random

002 5 —5 Flat Optimised
S - atness ptimise
%0.1 —¢ Newmann

S > Shapiro-Rudin

E o0

S -3 -2 -1 0 1 2 3 4 5 6 7 8
(@]

Signal Power (dB above mean symbol power)

Figure 6-17, Power distribution of the time waveform for DMT s€ignds
generated using a range of phasing schemes. (script S0055)

S.N. T.N. quadratic phasing scheme (see section 6.2.3 ), Flatness Optimised
details are outlined in section 6.3.
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6.24.2 PARAMETRICINVESTIGATION OF USING GENETIC
ALGORITHMS FOR CREST FACTOR MINIMISATION

Usng genetic dgorithms is an effective optimisaion technique for crest factor

minimisation. However, the there are many smulaion parameters associated with
the GA process that must be set in order to apply the genetic dgorithm, such as the
population sze, the percentage to cull after each generaion, the amount of mutation
noise to add, etc. The choice of these parameters effects the number of generations
required to achieve a good solution, and the quality of the ultimate solution. In order
to address some of these uncetanties, an investigation into the effect of each

smulation parameter was performed.

10 10 10 10
Generations

Figure 6-18, Crest factor distribution as a function of the smulated generations.
(script s0021)

Thisisfor a 26 tone signd. The smulation was repeated 100 times, showing the

variaion in the evolution process.
Each generation consists of a population of phase sequences. These phase sequences
are tested to find the crest factor of the resulting DMT sgnd. Within each generetion
the crest factor varies between individua sequences within the populaion. As the
number of generations smulated increases the overal crest factor reduces due to the
optimisation of the genetic agorithm. The performence of the genetic adgorithm was
tested by monitoring the crest factor of the best sequence in each generation,
producing a plot of crest factor as a function of the number of generations smulated.
Repedting the smulation redarts the evolution process, which can result in a

different end solution. This is due to the random searching nature of genetic
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dgorithms. Figure 6-18 shows the crest factor verses the number of generaions

dmulated. The solution obtained varies from Smulation to Smulation due to the
random searching naure of genetic dgorithms. Many of the smulaions do not
obtain a solution tha is dose to the globd minimum. This is due to fact that the
problem domain has many dimensons (1 dimenson for each tone) and has many
locd minima The search tends to get lodged in a locd minima, thus rerunning the
smulation multiple times tends to find a better solution.

Figure 6-19 shows the effect of changing the population on the performance of the
GA. The reaults shown are the average of ten repetitions of the GA optimisation. As
the population is increased the rate of optimisation is dower a the sat of the GA
optimisation, however &fter a sufficent number of generations is Smulated a better
end result is achieved. Usng a large population improves the genetic diversty,

which in turn improves the end solution.
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Figure 6-19, Effect of population size for genetic agorithm optimisation of CF,
for 26 tone signal. (script S0021)

The mean CF was found by repeating the evolution simulation 10 times. (Keep
= 50% for next generation)
Figure 6-20 shows the effect of changing the percentage number of the population to
use for breeding of the next generation. Keeping the top 30% of the population for
breeding the next generation results in the fastest progresson to a good solution (CF
< 3 dB), however it produced worst results than keeping 50% and 70% after 2000
generations. If too few of the sequences are used from one generation to the next
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than genetic diversty is reduced resulting in the solution tending to get lodged in

locd minima is the optimisation space, rather then continuadly optimisng to the
globd minimum.
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Figure 6-20, Effect of percentage population used to breed the next generation
for genetic agorithm optimisation of CF. (population = 100). (script S0021)
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Figure 6-21, Effect of changing the amplitude of the mutation noise for genetic
agorithm optimisation of CF. (script s0021)
Figure 6-21 shows the effect of changing the amount of mutation noise added to the
phase sequences as pat of cdculaing the next generation. For dl the GA
amulations performed the level of noise added to the sequences was decayed with
the generation number, so that the level of noise was high & the start of the evolution

and low toward the end on the smulation. In these smulations the levd of the noise
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added at each generation was cal culated based on:

Noise = SeqNoise” Generation %°.

As the mutation noise is increased if increases the genetic diversty and hence the
searching capability of the GA. It prevents the solution getting lodged in locd
minima, athough too much noise tends to prevent any progresson, as the solution
never settles down.
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Figure 6-22, Effect of initial phase sequence used for genetic agorithm

optimisation of the CF. (script S0021)
Fgure 6-22 shows the effect of changing the initid populaion of phase sequences.
The random smulation sarted with an initid population with purdy random phase
sequences. The other two tests darted with the phase sequence caculated by
Newmann's phasing scheme (see section 6.2.2 ) and Narahashi & Nojima's phasing
scheme (see section 6.2.3 ). Newmann's and Narahashi phasng schemes generate
low CF dgnas usng a quadraic phase equation. Both these schemes perform much
better than using a random phase sequence. This is probably due to the initid
population darting with a result that is dose to the globd minimum (best solution),
where as when a random phase sequence is used a much larger solution space needs
to be searched before the globd minimum is found.
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6.3 PHASING SCHEMESFOR NULL SYMBOL
SYNCHRONISATION

One method for time synchronisng an OFDM sgnd is to insart a null symbol (zero
power transmitted for a complete symbol period) at the start of each frame. This null
symbol can be detected a the receiver usng a relatively smple envelope detector.
This form of time synchronisgtion is used in the DAB sysem [20] for its smplicity.
The best way to detect the null symbol is to measure the ingantaneous power of the
receved dgnd, and then goply a moving average filter that averages over the null
symbol length. The output of this detector is agpproximately constant when the
OFDM dgnd is present, however when a null symbol is received the output drops
will a minimum occurring a the dat of the firsa OFDM symbal in the frame (Figure
6-28 (d) shows a good example of this). The firs symbol in the OFDM frame is
usudly a reference symbol for channd equdisation for coherent modulation, or as a
phase reference for differentid modulation. This symbol contains a known (by the
transmitter and receiver) phase reference on each of the subcarriers, alowing the
receiver to measure the phase rotation and amplitude scding of the radio channd.
This phase reference does not transmit any data hformation due to its predetermined

phase sequence.

When usng a null symbol for synchronisation, the waveform of the firg symbol in
the frame deaermines the peformance of the time synchroniser under fading
conditions. The question is. how do we pick a suitable reference symbol? To make
the reference symbol effective dl of the subcariers should have an equd
transmisson power. Idedly this symbol should have a low CF, so0 that it can be
boogted in power without causing clipping distortion. It should dso give a sharp time
regponse when udng a null symbol synchroniser. The synchroniser badcaly uses
envelope detection, and so we want a symbol that has a consstently flat envelope,
even over short periods of time (fraction of the symbol time). Thus a phasng scheme
is required so that the CF is minimised and the time response is sharp.

One possible candidate is to use a low CF phasing scheme, such as those developed
by S. Narahashi, T. Ngjima [106] or by Newmann [105] or the Genetic Algorithm
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Optimised low CF developed in Section 6.2. All these phasng schemes have very
low CFs, and have a time response that is very dmilar to a frequency sweep.
Although this type of phase reference has a low CF, its time domain response can
cause a problem in a multipath environment. Frequency sdective fading causes the
filtering of the dgnd, resulting in some frequencies being boosted in power and
others being reduced. The low CF symbols have a frequency sweep time doman
waveform, and as a result the envelope follows the frequency response of the
channd. This causes the envelope of the received symbol to be non-flat, degrading
the peformance of the null symbol time synchroniser. An example of this can be
seenin Figure 6-28 (b).

Idedlly the reference symbol should have a low CF, but be spectrdly flat regardiess
of the time interval over which it is viewed. That way the detected envelope will be
flat regardiess of the frequency sdective fading of the channd. As a garting place it
would seem logicd to dart with a low CF phasing scheme. These schemes reault in a
single frequency sweep over the period of the symboal. If the rate of the sweep could
be increased ® that it repeats many times per symbol then the symbol would appear
to be more spectrdly flat, as taking a sub-section of the symbol would contan a
complete sweep, covering dl frequencies.

Both Newmann's (equation (6-16)) and S. Narahashi, T. Nojima's (equation (6-17))
phasing schemes set the phase angle as a quadratic of the subcarrier frequency. If we
take a sngle carier and vary the phase in a quadratic manner then the result is a
frequency sweep. This is because the frequency of a carrier corresponds to the rate of
change of the phase. If we teke the differentid of a quadratic the result is a linear

sweep. Theresult isamilar for amulticarrier sgnd.

We can gpproximate both Newmann's and Narahashi’s phase schemes as a quadratic
that is a function of subcarrier number, multiplied by a scding coefficient, as shown
in equation (6-18).

q= Ak? (6-18)
where A is a condant coefficient and k is the subcarrier number. For example for a

48-tone dgnd k would vary from 1 to 48. Vaying the coefficient A changes the rate
of the resulting frequency sweep in the generated OFDM signd.
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6.3.1 SPECTRAL FLATNESS

To measure the effectiveness of the phasing scheme the time spectral flatness and CF
of the resulting symbol was measured. Time gspectrd flatness was determined by
taking a time overlgoping spectrogran of the time waveform then messuring the
peak to average ratio of the gpectrogram. To ensure accurate time and frequency
measurements four times interpolation was performed in both the time and frequency
domain. The spectrogram bresks the input sgna into time dices then peforms an
FFT of the dice to edtimate the time varying frequency response. Interpolation in the
time doman was peformed generating the OFDM dgnd a a sample rate four times
the amount required by the nyquist bandwidth of the sgna. This was achieved by
zero padding in the frequency doman by adding zeroed subcariers to the outer
edges of the OFDM sgnd. After the OFDM sgnd was converted to the time domain
the sgnd was andysed using a spectrogram using a diding FFT. Zero padding was
added to each time dice before the FFT was performed. This resulted in interpolation
in the frequency domain.

Measuring the spectrd flatness by looking at the peek to average power ratio of the
spectrogram is effective as it shows the variation in the frequencies generated in each
subsection of the symboal. If the sgnd was pefectly flat over dl time dices then the
peak to average power ratio of the spectrogram would be O dB.

The am of producing a low CF reference d9gnd is so tha the power of this symbol
can be booged without suffering ggnificant additional distortion. The amount of
interference caused by dipping of pesks in the signd is dependent on the height of
the peak and the percentage time the clipping occurred for. For this reason the pesk
to average power ratio of the spectrogram was estimated using the 99% percentile of
the waveform distribution instead of the true pesk of the spectrogram. To improve
the quality of the measurement, the length of the FFT used in the spectrogram was
vaied from hdf the symbol length to 1/16 the symbol length in four steps. This
effectively changes the timefrequency resolution over a wide range, removing any
assumptions about the time window used. The worst pesk to average power ratio for

these four different results was taken as the measured time spectrd flatness.
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In addition to measuring the time spectra flatness, the CF was measured as wel, as

the required symbol must perform wel in the frequency domain and time doman.
The results are shown in Figure 6-23. The crest factor function is an extremdy
complex function, with smdl changes in the gan coefficdent A resulting in lage
variations in the crest factor. Both equations (6-16) and (6-17) divide the phase by
the totd number of tones in the sgnd (N). This scadles the CF function so that dl
pesks dign even for different number of tones and gan coefficients. By removing
this divison the CF function becomes more random, as can be seen in Fgure

6-23(a). The problem with leaving this term in, is that it causes problems with the
time goectrd flaness Leaving it in rexults in the time spectrd flatness function
vaying with the number of tones used. By removing it, the function becomes
normalised, making it less randomised. The spectrd flatness is the most important
pat of the optimisation and 0 it is more important that the time spectrd flatness is
normdised. Although the CF is rdatively randomised there are regions that have a
gengdly lower crest factor. The time spectrd flatness is more regular than the CF,
but is aso a complex function. The time spectra flainess is fractd in nature in tha
the sructure is sdf-amilar.

Measured for 15 different carrier sizes, from 16 to 256 Measured for 15 different carrier sizes, from 16 to 256
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Figure 6-23, (a) Crest factor and (b) time spectral flatness as a function of the
phase equation coefficient A. (script S0056)

The results are for 15 different number tones from 16 to 256. The fina equation
has to work effectively for any number of tones, hence the need to andyse
range of combinations.
In order to choose a phasng scheme that would perform wel over a wide range of
tones, a fitness criteria was decided based on the CF and the time spectra flatness.

For a particular number of tones the fitness criteria was based on adding one quarter
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of the CF to the time spectra flatness, where both are in linear scde and not dB. This

fitness was then caculated for a wide range in the number of tones. The mean fitness
of dl the tone tests was taken as the estimate of the fitness. Figure 6-24 shows the

fithess criteria, from has a locd minimum for A of 3.6315. The performance of the
fitness approximately repeats every p.

To veify the effectiveness of the phasng scheme, the crest factor and time spectra

flatness was measured as a function of the number of tones.

q = 3.6315k> (6-19)

Mean Fitness for 15 different carrier sizes, from 16 to 256

Mean Fitness for 30 different carrier sizes, from 16 to 384
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Figure 6-24, Fitness of the phase scheme for null symbol time synchronisation
as afunction of the phase gain coefficient A. (script S0056)

Fitness (lower is better) 10log
Fitness (lower is better) 10log

(@ shows a wide view of the fitness, while (b) shows a zoomed up section,
indicating that the local minimum is & avalue of 3.6315.
Figure 6-25 shows the CF and time spectrd flatness as the number of tones is varied.
The CF varies between 3.3 dB and 6.8 dB, which corresponds to a CF that is
ggnificantly lower than 99.9% of random phase symbols (see Figure 6-4). The time
soectrd flainess is very low for sgnds contaning more than 40 tones, which
remains below 3.6 dB up to the testing limit of 2000 tones.
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Figure 6-25, Crest Factor and Time spectrd flatness as a function of the number

of tones. (script SO056)
Figure 6-26 shows the time waveform and the spectrogram of a 256 tone OFDM signd
usng the time spectra flainess optimised phasing scheme. The spectrogram shows
that the dgnd is very flat and consstent over the entire symbol period. The time

waveform is semi-repetitive, with around 13 smilar sections.
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Figure 6-26, Time waveform and spectrogram of a 224 tone OFDM signal using
the time spectral flatness optimised phasing scheme. (script S0055)

6.3.2 EXPERIMENTAL VERIFICATION

An experiment was performed to verify the effectiveness of the time spectrd flainess
optimised phasng scheme for use in null symbol time synchronisation. The
performance was compared with a synchroniser usng Narahashi low CF reference
symbols (see section 6.2.3 ). The performance of tis time synchronisation method is
affected by multipath, as this filters the recelved sgnd, which can result in a norv
uniform sgnd envelope. The amount of non-uniformity of the envelope will depend
on the time gspectra flatness of the symbols immediatey before and after the null
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synchronisation symboal.

Figure 6-27 shows the tet set up. An OFDM generator was implemented on a
SHARC DSP development board. The generated signal consisted of a 192 subcarrier
OFDM dgnd usng a bandwidth of 18 kHz, with a null symbol inserted every 30
symbols for time synchronisation. A red output Sgna was generated usng a 512-
point IFFT with aguard period of 64 samples.

The recaver's DSP peformed time synchronisation on the sgnd. The recever
generated two output results, one being the null symbaol time synchroniser and the
other a draight though, showing the sgnd as seen by the receiver. The null symbol
gynchroniser conssted of teking the magnitude of the input signd and applying a
moving average filter equa in length to the null symbol, corresponding to the IFFT
gze plus the guard period (512+64 = 576 samples). The resulting sgnd is high
during the presence of the OFDM dgnd, changing to a V' shape during the null
symbol. The minimum of this 'V' corresponds to the gtart of the OFDM frame. In
order for a recalver to use this synchronisation sgnd, further processing would need
to be applied to detect the minimum in the V'

Test 1

SHARC S 3 SHARC
ADSP-21061 |— o So—»| ADSP-21061
EZ-KIT Q Q EZ-KIT

DSP Test 2 DSP
OFDM Generator OFDM Receiver
i Synchroniser

Tak Through Sync Signal

Tektronix
Digitat CRO

=

Figure 6-27, Experimenta set up for investigating the performance of the time
synchronisation method.

Test 2 is a straight through test. Test 1 shows the performance with simulated
channd filtering.

Test 2 showed the peformance of the synchroniser with no detrimenta effects. Test
1 gpplied a low pass filter to the transmitted OFDM sgnd. The sgnd was filtered
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with a 3% order passive filter to Smulate a distorted frequency response. This filter
was a highly resonant low pass with a 6 dB pesk just before the cut off frequency.
The filter removed approximatdy 50% of the dgnd bandwidth. This filtering
represents an extreme example of multipath frequency selective fading.

Figure 6-28 (a) — (c) show measured results for time synchronisation when using the
S. Naahashi, T. Nogjima phasing scheme. When no filtering was gpplied the
performance is adequate, with the time synchroniser forming a reasonably sharp 'V
The problem occurs when filtering is goplied since this reaults in the sgnd envelope
changing dramaticaly due to the frequency sweep nature of the sgnd. The envelope
in fact tracks the frequency response of the filter. The resulting time synchronisation
waveform is very poor, with no clear minimum occurring a the dart of the frame. If

thissignd had a higher amount of noise the performance would be very poor.

Figure 6-28 (d)-(f) shows the same test using the phasng scheme developed. The V'
formed by the synchroniser is very sharp with no filter, and remains sharp even when
subjected to the low pass filtering. This verifies tha the phasng scheme peforms
very well regardless of channd filtering.
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Figure 6-28, Measured time synchronisation accuracy for different reference

symbols.

The bottom trace shows the OFDM signal, and the top signal is the frame
detection sgnal. The actua time synchronisation is found by finding the
minimum of this waveform. The filtered response was for a passive low pass
filter removing 50% of the OFDM spectrum.
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CHAPTER 7 CREST FACTOR
MINIMISATION OF OFDM DATA
SYMBOLS

A technique is described for a better than 5 dB reduction in the crest factor for data
carying OFDM dgnds. This improvement is achieved by insarting additiond
subcarriers into the signal referred to as peak reduction carriers (PRC). These PRC
are st in phase and amplitude, usng a codebook, to minimise the overal symbol CF.
The codebook is obtaned usng a search of dl possble sgnd combinaions. This
technique is optimised for dgnds usng a low number of subcariers, and low
modulation schemes such as BPSK and QPSK, due to the brute force searching
technique employed.

71 BACKGROUND

The CF of an OFDM dgnd can be reduced in severa ways. Sdective mapping
[108], [109] involves generdting a large set of data vectors dl representing the same
information. The data vector with the lowest resulting CF is sdected. Information
about which particular data vector was used is sent as additional subcarriers.
However, there may be potentid problems with decoding the sgnd in the presence
of noise with sdective mapping. Errors in the reverse mapping would result in whole
symbols being log.

Another technique sSmilar to sdective mapping is to use Golay sequences [113].
Information is transmitted by mapping each data word with a Golay sequence. Using
Golay sequences result in a low CF, typicdly 3 - 6 dB, however the coding rate is
poor, typicdly hdf, resulting in a large bandwidth increase. Cydlic coding [110]
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involves adding extra subcarriers in which the phase of every fourth subcarrier is
cdculated based on an dgorithm using the phase of the previous three information
subcarriers. This method is amilar to the presented technique except that it gives sib
optimal results.

7.2 PEAK REDUCTION CARRIERS

This chapter presents a technique that combines sdective mapping and cydlic coding.
A reduction in the CF is achieved by adding extra subcarriers referred to as Peak
Reduction Carriers (PRC). The phase and amplitude of the PRCs is varied to
minimise the overdl CF. The origind information subcariers are unaffected and can
be decoded normaly. The receiver can disregard the PRCs, or they can be used for
eror detection. The frequency of PRCs, or reative postioning of the PRCs can be
varied with respect to the information subcarriers depending on the gpplication. The
results presented were found using a computationdly intendve exhaudive search to
find the optimal setting for the PRCs. However it is assumed that further work will
alow amore efficient dgorithm to be found.

An optima setting for the PRCs corresponds to the combination of phase and
amplitude that achieves the lowest CF of the overdl OFDM symbol (information
subcarriers and PRCs). In this paper the phase and amplitude of the PRCs was st in
a coase quantised manner to minimise the number of combinations needed to be
searched. The phase of the PRCs was set to 0° or 180° and the subcarriers were
turned on or off. There are therefore 3" combinations for the PRCs for each
information code word (where M is the number of PRCs). This levd of quantisation
was found to be appropriate for BPSK information subcarriers. Finer quantisation

may produce improved results for higher modulation schemes.

An exhaugive search of dl combinations of dlowable phase and amplitude gives
optima PRCs, but is computationdly intensgve. This method can be used for smal
numbers of subcarriers where the optima PRC coding can be stored in a look up
table or code-book. This is impractica for more than 16 information subcarriers or
for more than 10 PRCs as the number of combinations becomes too large to store and

cdculate. However for some multi-user OFDM gpplications 16 or less subcarriers
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per user is sufficient.
The results shown were caculated based on al combinations of information code
words, thuswill give agood indication of the practica CF improvement.

For each experiment the inverse fas Fourier trandform (IFFT) of the subcarrier
configuration was used to give a complex base band sgnd.

For the smulations carried out, the base band subcarriers were centred on DC and
the size of the IFFT was made at least 8 times greater than the number of subcarriers,
oversampling the time domain dgnd. This ensures thet pesks in the sgnad were

accurately represented to get an accurate CF [111], [112].

9
Phase &

8 T Amplitude Mod.
PRCs

7T — - = - Phase Mod.

PAPR (dB)

0 2 4 6 8 10
Number of Peak Reduction Carriers (Edge grouped)

Figure 7-1, CF verses number of edge grouped PRCs (8 BPSK data subcarriers)

7.3 RESULTS

The smplest arrangement for the relaive postioning of the data and PRCs is to have
a block of data subcariers immediately followed by a block of PRCs. This
arrangement was used for the results shown in Figure 7-1 through to Figure 7-3.

Figure 7-1 shows the worst-case CF and the 90% poaint in the cumulative distribution
of CF as the number of PRCs is increased. The maximum CF for the 8 information
subcarriers is reduced by > 5.5 dB for the addition of 10 PRCs. Sdlecting the optimal

amplitude and phase of the PRC improves the performance significantly as compared
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with only setting the phase as used in cydic coding [110]. For this reason phase and

amplitude modulation of the PRCs was used in dl later experiments due to the

improved performance.

12

PAPR (dB)

4 13 8 10 12
Number of information carriers

Figure 7-2, Maximum CF verses number of data subcarriers and edge grouped

PRCs, where M is the number of PRCs.
Figure 7-2 shows the effect of adding PRCs to the CF as the number of information
subcarriers is varied. The improvement in CF remans redively condant as the
number of information subcarriers is increased. This shows that this technique gives

congstent performance gains as the number of information subcarriersis varied.

Adding PRCs reduces the CF a the expense of additiond transmisson power and
bandwidth. Figure 7-3 shows the net improvement in CF due to the addition of
PRCs. The CF reduction was cdculated as the difference between the CF results for
zero PRCs and the CF reaults with the addition of PRCs. The loss in sgnd power
due to the PRCs was then subtracted from the CF reduction in order to give the net
CF improvement. If the data Sgnd power lost due to the transmisson of the PRCs
was more than the CF gain then there would be little point in adding the PRCs. It can
be seen that for 10 BPSK subcarriers there is little improvement in adding more then
2 PRCs. In fact adding more than 5 PRCs results in a worsening of the average
(50%) CF. Thisisdue to the power cost of the PRCs.
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Figure 7-3, Net CF improvement verses number of edge grouped PRCs. (10
BPSK data subcarriers)

74  EFFECT OF PRC POSITION

Previous results are shown for grouped PRCs that were postioned immediately after
the data subcarriers as shown in Figure 7-4 (a). Two different postioning tests were
performed. One test kept the PRCs grouped together as in Figure 7-4 (a), however
they were moved with respect to the data subcarriers as in Figure 7-4 (b). The second
test postioned the PRCs in a spread out manner. The best spread pattern was
established using arandomised search.

Edge Grouped PRCs

@ [TTTTTTTTT TN

Grouped PRCs Position = 0
® []]
External Grouped PRCs

Position = 7 .

@ [TTTTITTTT].
Spread PRCs

@ [[HITTTHNIN
123... ...1314
Frequency

|:| Data Carrier I PRC

Figure 7-4, PRC position combinations

232



Chapter 7 Crest Factor Minimisation of OFDM Data Symbols
Adding PRCs use a dgnificant amount of additiond bandwidth. It is therefore

important to minimise the number used, or to podtion the PRCs so that the
bandwidth can be reused. For example, in a multi-user OFDM system where each
user transmits a block of subcariers, the PRCs can be overlapped, i.e. they are
trangmitted a the same frequency, effectively having the bandwidth used by the
PRCs.

10

PAPR (dB)

3 f f f }
-25 -15 - 5 15 25
Position of Peak Reduction Carrier

(0 = middle of data carriers)

Cumulative PAPR __ 400, ... 9506 —e—50%
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Figure 7-5, CF verses position of 2 grouped PRCs (10 BPSK data subcarriers)
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Figure 7-6, CF verses position of 4 grouped PRCs (10 BPSK data subcarriers)
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7.5 GROUPED PRCS

In this scheme the PRCs were maintained as a group of subcarriers. They were
repogtioned by diding them with respect to the data subcarriers. Figure 7-5 and
Figure 7-6 show the effect of the postion on effectiveness of the PRCs. Figure 7-5
shows that for a smal number of PRCs the performance is not particularly dependent
on the postion of the PRCs within the data subcarriers. However with 4 or more
PRCs the podgtion has a dgnificant effect on the performance of the PRCs. Pacing
the PRCs within the data subcarriers with an off centre of 3 subcarriers gives the best
results. This gives a turther reduction of 1 dB as compared with edge grouped PRCs.
Not having edge grouped PRCs prevents the overlgpping of the PRCs from different
users in a multi-user OFDM system. As a consequence the bandwidth used by the
PRCswill be effectively doubled.

7.6  SPREAD PRCS

The postion of the 4 grouped PRCs had a sgnificant effect on the PRC performance,
thus it seemed likdy that soreading the PRCs out might lead to further
improvements. The exact relationship between the podtion of the PRCs and the CF
digribution is currently unknown and so a random search was used for optimisation.
The PRCs and data subcarriers were postioned randomly to form a block of
subcarriers with no gaps as shown in Figure 7-4 (d). For each position combination
the CF didribution was found and the combination that resulted in the lowest
maximum CF was selected as the optimised PRCs position.
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Figure 7-7, CF verses the number of spread PRCs (10 BPSK data subcarriers)

The CF digribution was found by testing dl combinations of the data code words.
For each data code word combination the optimum PRCs were found as described in
section 3. The CF didribution verses the number of PRCs is shown in Figure 7-7.
This reault is for 10 data subcarriers and shows that spreading the PRCs can reault in
large reductions in the CF of the OFDM symbol. A reduction of greater than 6 dB is

possible.

Figure 7-8 shows the overdl net improvement in the CF udng postion optimised
PRC. This can be directly compared to Figure 7-3 which shows the results for edge
grouped PRCs The maximum net gain for postion optimised PRCs is approximately
2 dB better than that of the edge grouped PRCs. Figure 7-8 shows that the net CF
gan increases rgpidy up to 4 PRCs, dfter which the gan is minima. Thus the
optimal number of PRCs would be 4 for 10 data subcarriers. Other tests aso show
that the number of PRCs needs to be approximately 40% of the number of data

subcarriersin order to get significant improvementsin the CF.
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Figure 7-8, Net improvement in CF, position optimised PRCs (10 BPSK data

subcarriers)
Overlapping of the spread PRCs in a multi-user OFDM system is more difficult as
most of the PRCs will be bounded with data subcarriers. Thus smple overlapping
may not be possible This would be the case if the data and PRC are grouped.
However if the subcarriers for each user are spread out, it might be possible to have
spread out PRCs that overlap between the users, but gill provide a large reduction in
the CF.

The addition of 4 PRCs with 10 data subcarriers results is a large net gain of 45 dB,
dlowing more power to be transmitted. For a transmisson with no PRCs a an error
rate of 1 1073, adding the PRCs and maintaining the same pesk power the error rate
would be decreased to 1" 1077.[117], [118] This is more effident than adding Smple
eror correcting bits a the same coding rate. For example Hamming coding a a rate
of 4 parity bits for 11 data bits gives a gain of only 1.2 dB at a bit error rate of 1° 10°*
which is sgnificantly lessthan 4.5 dB.

Table 1 shows the number PRC positions tested, and the best combination found.
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Table 7-1, Optimised positions found for 10 BPSK data subcarriers

1.7

No. Position Possible Best Position

PRCs | tests position Found, seefig. 4d
simulated | combinations | for label method

1 11 11 1

2 66 66 23

3 286 286 34,6

4 262 1001 4,10,12,13

5 156 3003 1,3,7,10,15

6 68 8008 1,2,7,10,14,16

7 36 19448 1,2,7,9,11,14, 17

8 23 43758 1,2,3,4,11,12,16,18

CONCLUSION

Adding peak reduction subcarriers can sgnificantly improve the CF of an OFDM
sgnd. The PRCs can reault in a reduction of grester than 6 dB in the maximum CF
and a net reduction of greater than 4.5 dB when the additional power for PRCs is

taken into account. It was found that varying the amplitude as well as phase for the

PRCs gave improved peformance over just phase varidion. It was aso found that
goreading the pogtion of the PRCs resulted in a better performance than grouped

PRCs. Adding more PRCs reaults in a lower CF, however the use of large numbers
of PRCs is limited by the cost of additiond transmisson power, bandwidth and

complexity limits
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CHAPTER 8 SUMMARY

81 FUTUREWORK

OFDM has a promisng future for use in wirdess LAN networks and for fixed and
mobile communications. Its use is likdy to be dgnificantly increesed over the next
10 years, due to its high spectrd efficiency and flexibility in spectrum dlocation and
modulation. OFDM is mogly suited to low mobility high data rate networks, making
it difficult to gpply to mobile phone networks. At low user data rates, much of the
adaptive techniques would not be suitable due to the high overhead of implementing
such techniques. As a result, in multiuser gpplications a low data rates the overdl
efficiency of OFDM is much poorer with little advantage over CDMA techniques.
Mobile networks of the future will shift avay from low daa rate voice gpplicaions
to become primarily data terminds, striving for high datarates.

If OFDM is to be used in 4" generation mobile networks, a significant amount of
research needs to be done in applying OFDM to cdlular networks. Issues such as
inter-cellular interference need to be sudied, in the context of identifying the best
frequency / time user dlocation scheme. Idedly the networks should be <df-
organisng in frequency reuse, and 0 an effective means of implementing this needs
to be developed. Most current multiuser OFDM systems use TDMA as a method for
providing multiple accesses. However the grestest performance gains can be made
by jointly dlocating users based on frequency and time. Due to the overlgpping
nature of subcarriers in OFDM  dgnds, dlocating users different subcarriers in the
reverse link creates problems in mantaning subcarier orthogondity. Each mobile
user will have a different propagation delay and Doppler spread, making
compensation for these factors in the reverse link a non-trivid problem. It is possble
that the most robust schemes will use blocks of OFDM signals, which are band pass
filtered to help separate Sgnds from different users.
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The effective use of adaptive modulation and adaptive user alocation will depend on

the overhead required for implementation. Protocols need to be developed that will
dlow these techniques to be implemented efficiently. Research is needed to
investigate the trade off between overhead and technique efficiency, so the optimal
amount of overhead for exch application can be established. Research is dso needed
for optimisation of the adeptive user dlocation dgorithm so as to saidy the
requirements of the different user in the sysem. This includes optimisng so that the
system throughput and quaity of service is maximised. The optimisation will need to
cope with varigble and fixed data rate services Additiondly the effect of multi-
cdlular user alocation needs to be investigated.

Much of the devdopment of effective dlocation schemes will be dependent on
improved moddling of wideband RF propagation. Much of the focus on propagetion
moddling has been on path loss moddling, datisicd descriptions of fading, and
discrete gpproximations of channd impulse using ray tracing. Ray tracing methods
are improving rapidly, with much of the focus being on computation efficiency, and
accurate prediction of path loss. Research needs to be done on wideband models that
show the response of the radio channd with smdl changes in space, amilar to the
measurements presented in this thess. These modes need to be smooth in space to
dlow teging of multiuser user dlocation schemes in terms of subcarrier SNR, the
effects of Doppler spread, and propagation time. With accurate modedls it may be
possible to develop a technique for predicting the channd response for a smdl time
ahead, dlowing adaptive techniques to cope with higher user mobility.

With the advent of OFDM, higher spectrd efficiency modulation schemes (16-QAM,
64-QAM, etc) are now being used in errestrid wirdess networks. These modulation
schemes are more susceptible to the effects of ISl caused by multipath propagation
than previoudy used low spectrd efficiency modulation schemes such as BPSK and
QPSK. The use of OFDM helps to reduce the leve of ISl by usng alow symbal rate,
and the use of a guad peiod. The guard period represents a sgnificant time
overhead and so should be minimised in length. The most suitable length depends on
the multipath in the environment and the modulation scheme used. Traditiondly the
length of the required guard period has been estimated usng the RMS ddlay spread
of the propagation channd. This measurement is accurate for predicting the guard
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period length required for BPSK and QPSK modulation schemes, but § inadequate

for esimating the peformance of high spectrad efficiency modulation schemes. The
edimated guard period length is too short for these modulation schemes, resulting in
dgnificant remaning IS, resulting in degraded BER. The dday spread of indoor

environments needs to measured usng a more appropriate multipath estimate than
the RMS dday spread. Such a measurement might be, the delay spread over which a
given percentage of the impulse energy arives. For example if the length of the
guard period matches the time over which 99.9% of the impulse energy arrives, then
the ISl should only be 0.1%, resulting an effective SNR of 30 dB, which is suitable
for 64-QAM. A st of propagation experiments is needed using such a multipath
messurement so the peformance of OFDM sysems using higher modulation

schemes can more accurately be assessed.

This thess presented the use of Access Point Repeaters as a method for low cost
maximisation of sgnd drength in indoor environments. This technique could be
extended to cdlular networks as a method for controlling shape of cels, and for
minimisng shadowing within a cdl. The effectiveness of udng this technique in a
cdlular environment depends on the cost of inddling extra base dations as
compared with APRs, and with potentid problems with combining APR with smart
antenna technology. Research needs to be done to establish the amount of additiona
multipath crested by usng APRS, and the practical effectiveness of the technique.

Much work has been done on minimisng the crest factor of data carrying OFDM
sgnals. The high CF of OFDM signals requires a moderate power back off (6 - 9 dB)
in the trangmitting power amplifiers. However OFDM is very efficent in terms of
the amount of power required for transmisson, making this less dgnificant. Mogt of
the focus on minimisaion techniques has been on minimisng the worse case CF.
However with sufficient data whitening the probability of very large CF symboals is
0 low that this is not a problem. Focus needs to be placed on CF minimisaion
techniques that will reduce the output power back off required. Currently published
CF minimisaion techniques only give minimad ovedl improvement, with mogt
requiring large overheads in dther complexity or throughput. The potentid
improvement for CF minimisation techniques is rdaively smdl (2 — 4 dB) and so
overhead in implementation must be smdl to judtify itsuse.
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82 CONCLUSON

This thess has presented an invedtigation into the gpplication of OFDM in multiuser
systems, and has focused on techniques for improving the system spectral efficiency.
Mogt current communication systems operate a a very low spectrd efficiency,
resulting in under utilisstion of the radio spectrum. Future sysems will have to
improve the spectrd efficiency to achieve the capacities required. This thess has
invesigated techniques that exploit the flexibility of OFDM to mantan a maximum
spectral  efficiency, by maiching the sysem paameters, such as  subcarier
modulation and frequency, based on current conditions of the radio channd. The am
of this work is for the communication system to gpproach the maximum theoretica
channd capacity given the condraints of the radio channe, transmitter power and
qudity of sarvice While many cdlular sysems are primarily limited by inter-cdlular
interference, this theds has primarily focused on the performance of isolated
communication networks. This work is thus gppropriate for applications such as
Wirdess LAN sysems, which tend to be patialy shieded from interference by the

outer wals of indoor environments.

With bi-directiona communications, information from the receiver can be used to
adaptively exploit the radio channd characterigics The application of adaptive
modulation was invesigated and found to provide an effective means to mitigate the
effects of fading. Adaptive modulation greatly decreases the BER, with it requiring
12 - 16 dB less SNR to achieve the same BER as compared with a fixed modulation
system. In addition to this, it alows the data rate of the sysem to improve when the
channd SNR is high. When usng coherent QAM, every 3 dB improvement in SNR
dlows the spectrd efficiency of the sysem to improve by 1 b/s/Hz. Implementation
of adgptive modulation requires some information overhead as both the transmitter
and recever must know the modulation scheme currently being used on each
subcarrier, and the subcarrier modulation must be updated to track the radio channd.

The required tracking rate for mobile sysems employing adaptive modulation was
found to be in the order of 0.05 - 0.1l , with the actud required rate depending on the
required BER, the amount of link margin used in the modulation dlocation, the deay
in the dlocation, and the subcarier dlocation scheme. This technique is suited to
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Chapter 8 Summary
pedestrian velocities as the overhead in modulation update becomes excessive a high

velocities. In a mobile application a 52 GHz and a a veocity of 50 km/hr, a
tracking rate of 2400 - 4800 Hz is required. This would result in an information

overhead in the order of 5 - 10% for asystem smilar to HiperLAN2.

Adaptive User Allocation was presented as a method for optimisng the subcarrier
frequency dlocation in multi-user agpplications. This technique exploits the variation
in channd response between users, caused by frequency sdective fading. This
techniqgue dso reduces the effects of fading as users tend to be dlocated strong
subcarrier frequencies, with nulls in the frequency response of the channd being
avoided. This technique can be used in conjunction with adgptive modulation, to
provide an additional sgna power gain of around 3 - 5 dB. This technique requires
complete knowledge of the channel response to each user, and so implementation
requires dgnificant overheads, making this technique only suitable for rddivey
fixed wireless gpplications such aswirdess LAN systems.

This theds has dso presented a method for maximiang the sgnd drength within
buildings, by usng transmisson repesters The implementation complexity and cost
is low, as multiple repeaters are didtributed from a sngle base dation. This technique
is dmilar to Single Frequency Networks used in DAB and DVB, except & a much
gndler scde This technique increases the multipath in most environments, but this
is compensated for by the high multipath tolerance of OFDM. The performance of
usng Access Point Repeaters (APR) was measured by finding the reduction in path
loss in a smulated WLAN system using a Smple ray trace modd. This was verified
agang direct messurement of the building that was smulaed. It was found to
decrease the path loss by 7 dB for a system with two APRs, and up to 20 dB for eight
APRs.

In addition, two techniques were presented for reducing the Crest Factor (pesk to
average power ratio of the RF signal envelope) of OFDM signals.

The firg technique is a phasng scheme for OFDM pilot symbols, which uses genetic
agorithms to optimise the phase angle of each subcarrier to achieve very low CF
waveforms. This technique achieves a lower CF than any previoudy published
techniques, obtaining a CF as low as 0.65 dB, which is 2 dB lower than commonly
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used techniques. These low CF symbols can be used for reference pilot symbols. The

low CF of these symbols alows the average power to be boosted (up to 6 dB) while
maintaning a pesk power ggnificantly lower than the data symbols. This boosted
power reduces the noise in the chand equdisaion, improving the system

performance.

The second technique reduces the CF of data carrying symbols by induding
additional subcarriers that are optimised in amplitude and phase to cancd out the
peeks in the overal OFDM symbol. This was found to produce a net improvement of
4 dB to the worst-case symbol CF.
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