Sheffield
Hallam
University



http://shura.shu.ac.uk/information.html




##234

#H#2.
1

## $%& %

+ -

(710)

= ) <

, t)

% (

2



This thesis is dedicated to my family



Hybrid Pulse Interval Modulation —
Code-Division Multiple-Access for

Optical Wireless Communications

Chun Kit SEE

A thesis submitted in partial fulfilment of the requirements of
Sheffield Hallam University
for the degree of Doctor of Philosophy

This thesis is accompanied by software (1 CD)

October 2003






$ /% %0 °

52 +



ABSTRACT

The work in this thesis investigates the properties of the IR diffuse wireless link with
regard to: the use of sets of signature sequences with good message separation properties (hence
providing low BER), the suitability of a A/PIM-CDMA scheme for the IR diffuse wireless
systems under the constraint of eye safety regulations (i.e. when all users are transmitting
simultaneously), the quality of message separation due to multipath propagation. The suitability
of current DS-CDMA systems using other modulation techniques are also investigated and
compared with APIM-CDMA for the performances in power efficiency, data throughput

enhancement and error rate.

A new algorithm has also been proposed for generating large sets of (n,3,1,1) OOC practically

with reduced computation time. The algorithm introduces five conditions that are well refined
and help in speeding up the code construction process. Results for elapsed computation times
for constructing the codes using the proposed algorithm are compared with theory and show a
significant achievement. The models for /PIM-CDMA and #/PPM-CDMA systems, which were
based on passive devices only, were also studied. The technique used in APIM-CDMA, which

uses a variable and shorter symbol duration, to achieve higher data throughput is presented in

detail.

An in-depth analysis of the BER performance was presented and results obtained show that a
lower BER and higher data throughput can be achieved. A corrected BER expression for the
hPPM-CDMA was presented and the justification for this detailed. The analyses also show that
for DS-CDMA systems using certain sets of signature sequences, the BER performance cannot

be approximated by a Gaussian function.
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RF
RMS
SER
SIR
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SO0C
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WDMA
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On-off keying
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Pulse code modulation
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Packet-error-rate

Physical

Pulse interval modulation
Phase-lock-loop

Phase modulation
Pseudonoise

Pulse position modulation
Prime-sequence (P)
Quadratic congruence
Quantisation feedback
Quasi-prime sequence (P)
Relative-distance

Radio frequency
Root-mean-square
Symbol-error-rate
Signal-to-interference ratio
Signal-to-noise ratio

Strict optical orthogonal code
Truncated Costas
Time-division multiple-access
Wavelength-division multiple-access

Wireless local area network

-viii-



GLOSSARY OF SYMBOLS

Abbreviation

a
A
a

b

by, (t)Q b;‘x (t)
bp, (t)§ b;?x (t)

B

. pi
KTx» Bk|Tx

Bypes Il;IRx

BEF Modulation
Modulation 2

BEF,,

cCom
¢
'code'
Wi,))

C

‘code’ Fxw
nCWi.7)

de(t)Q d;{x(t)

dy (1)
D

L|Spread

Druss

D

RMS|ModuIatx‘on
D Signal
D Spread

D

Spread| | min

Description

Number of program lines

Ampere

Constant related to RMS delay spread

Number of machine codes

Output signal of modulator; Output signal of modulator of the i®

transmitter

Input signal to demodulator; Input signal to demodulator of the i
receiver

Binary data from information source; Binary data from information
source of the i™ transmitter

Binary data to information processor; Binary data to the /™ information
processor

Bit-rate-enhancement factor of ‘Modulation 1’ over ‘Modulation 2’

Optimum bit-rate-enhancement factor
Computer clock frequency

Speed of light
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Codeword matrix

Photocurrent; Generated photocurrent by the photodiode of the i®
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pulses of minimum spread distance and maximum spread distance,
respectively

Channel RMS delay spread

~ Channel RMS delay spread of ‘Modulation’ signal

Spread distance of correlated signal pulse
Spread distance of a correlated pulse
Minimum spread distance of a correlated pulse
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Spread I max
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T| Modulation
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Tlmin
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Dy, (t); Dz, (0)

e t)
erd (i.7)

‘code' Fxw(w-1)
nERD; 'y
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g(¢)
g.(t)
Gocs Gt

w(r); 1" (t)

hc (t’ ah )

NN SR N

S

Maximum spread distance of a correlated pulse

Normalised delay spread; Normalised delay spread of ‘Modulation’
signal

Minimum normalised delay spread with signal dispersion of 0.37, or
less

Normalised delay spread of 0.37, signal dispersion

Power of optical source or channel input signal; Optical signal
transmitted by the i™ transmitter

Output signal of multiplier of the i correlator receiver, or output signal
of tap-delay structure of the /™ MF receiver

Element of ""dﬁ'ERD(f, ’;.’)”(W")

Extended-relative-distance matrix

Number of system clients or users

Square pulse

A square pulse of T,

A square pulse of T,

Optical gain of channel; optical channel gain of the signal from the I®
transmitter to the i receiver

Effective channel impulse response — normalised; Effective channel
impulse response of the signal from the I" transmitter to the i receiver

Channel impulse response for a given value a,

Effective height of the ceiling above optical source and detector

Variable related to the numbering of client (or user) or the row index of
matrix

Variable related to the numbering of client (or user) or the row index of
matrix

Variable related to the column index of matrix

Variable related to the column index of matrix

Bit or symbol sequence number

Order of cascading codewords

Number of symbol sequence of one less than &

Number of symbols or order of PIM and PPM

Average PIM symbol length

Temporary variable

Total number of bits
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B.BER|Modulation

P B.E

P B.MAI|Modulation

PB.SeIf lModularion

P

CFAlModulatl'on

PG.E

PG .BERlModuIation

P

NS|Modulation
P

SER| Modulation

P SFA|Modulation

P

1SFA| Modulation

P2SFA]Modu1ation

P&,]Madulation

Pﬂ.,| Modulation

PDF,
PDF,

PDF,

.MAI | Modulation

Signature sequence length

Shot noise

A positive integer related to the code weight of 2" PS(P)

Mid value of sequence length

Probability of success

Prime number

Probability of bit-error-rate, obtained using Binomial function, of
‘Modulation’ scheme

Probability of error obtained using Binomial function

Probability of a false alarm occurring in a single chip, obtained using
Binomial function, due to MAI (as a result of cross-correlation), of
‘Modulation’ scheme

Probability of a false alarm occurring in a single chip, obtained using
Binomial function, due to self interference (as a result of auto-
correlation), of ‘Modulation’ scheme

Probability of a false alarm occurring in a single chip position of
‘Modulation’ scheme

Probability of error obtained using Gaussian function
Probability of bit-error-rate, obtained using Gaussian function, of
‘Modulation’ scheme

Probability of a new symbol will occur of ‘Modulation’ scheme
Probability of symbol-error-rate of ‘Modulation’ scheme

Probability of a symbol, with y slots, in error due false alarm of
‘Modulation’ scheme

Probability of one symbol in error due to false alarm
Probability of two consecutive symbols in error due to false alarm

Probability of self-interference (due to auto-correlation) of ‘Modulation’

scheme

Probability of one other user interference (due to cross-correlation) of
‘Modulation’ scheme

Probability density function obtained using Binomial function

Probability density function due to MAI, obtained using Binomial
function, of ‘Modulation’ scheme

Probability density function obtained using Gaussian function
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PDF,
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PDF!

SI|\Modulation
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Ry 5 Ryystodutation
R

c

Rc|0.3
Rie; R
R

s

RTx 5 R;'x

TS [Modulation

T

MAI|Modulation

Probability density function due to MAI, obtained using Gaussian
function, of ‘Modulation’ scheme

Probability density function due to a single user interference of
‘Modulation’ scheme

Probability density function due to the i™ user interference of
‘Modulation’ scheme

Probability of failure. The complement of p

Order of cyclically shifting the frames of PS(P) codeword to the left
Code weight of QPS(P)

Element of '“’df,'RD(f’ N
Resistance

Bit rate; Bit rate of ‘Modulation’ scheme

Chip rate
Chip rate limited by Drjos

Photodetector responsivity; Photodetector responsivity of the i™ receiver
Slot rate

Optical source responsivity; Optical source responsivity of the i™
transmitter

Relative-distance matrix

Seconds
Sum

A decimal integer, corresponding to M bits of information being
mapped, of the &™ symbol of the i/ data source

Output signal (signature sequence) of code register of the i receiver
Output signal (signature sequence) of code register of the i™ transmitter
Time

Bit duration

Chip duration

Chip duration related to normalised delay spread of 0.3

Effective pulse duration

Slot duration

Symbol duration of ‘Modulation’ signal

Time duration
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Total ,,, Total of possible arrangements of erd|; ;) values

Total,, Estimated total computing time

ul(t) Unit step function

\% Volt

v, Peak voltage of modulator output signal
v, Peak voltage of encoder output signal

Ve Signal peak voltage

V. Peak voltage of code register output signal
2 Threshold level

Vr Peak voltage of threshold detector output signal
w Code weight of OOC

w Watt

Average optical power of ‘Modulation’ signal

avelModuIatian

Wml . Received average optical power
ave| T Average intensity or optical power of transmitted signal
Wers W | voduaion P OWeTr efficiency; Power efficiency of ‘“Modulation 1’ over ‘“Modulation
Modulation2 5>

W oax Maximum optical transmit power

Wy Peak optical power

x Temporary variable

X Integer random variable of Binomial function

Xg Random variable, of real number, of Gaussian function

X No of trials

X, Redundant chips of the ¥ symbol

Y Temporary variable

Z Temporary variable

Zper Ratio of the sequence length over the information length, where the
optimum BEF is achieved

Z ns Ratio of the sequence length over the information length, where a
symbol being divided into two (worst case) will occur. It also denotes the
number of symbols that a false alarm must occur consecutively before a
new symbol is generated

5(x) Dirac delta function

Y Information slots

-xiii-



7 Average information slots

H Mean

Hrar|ook-coma Mean of OOK-CDMA considering MAI only

o Standard deviation

ol Variance of OOK-CDMA considering MAI only
MAI|0OK-CDMA

Transmission time delay of the i™ transmitter

i
Td|rx
7t Receiving time delay of the i receiver
d|Rx
7t Centre time shift of dispersed signal pulse, where most power is
ale ’
concentrated, recovered at the i™ receiver
A, Auto-correlation constraint
A Cross-correlation constraint

A, and 4, Optical wavelength 1 and 2
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Chapter 1

INTRODUCTION

The study of infrared frequencies for short-range wireless communications has received
extensive interest over the past decade. It started from the proposition and demonstration of the
diffuse infrared (IR) radiation for wireless in-house data communication, which was first
introduced by Gfeller and Bapst in 1979 [Gfeller79]. Since then there has been a number of
research interests in IR frequency for wireless local-area-networks (WLANSs) in place of the
well-established radio frequency (RF) systems [Yen85, Barry93, Carruthers96b, Tanaka97,
Yu02, Sidorovich02, Al-Ghamdi03, Giakos03]. The advantages of using IR frequency over RF

for short-range wireless communications are as follow [Marsh96, Kahn97]:

¢ IR emitters and detectors capable of high-speed operation are available at low cost,
are relatively simple to design circuits with and are physically small in size

compared to their RF counterparts

e The RF spectrum is already extremely congested and bandwidth allocation is
limited. Compared with IR frequency, which offers a huge unregulated bandwidth,
allows manufacturers to design one product that can be used in any country
worldwide, thus avoiding costly “market specific” designs and the need for

licensing

e The fact that IR frequencies cannot penetrate the boundaries of the room from

which they originate makes wireless infrared inherently secure. This gives an
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additional advantage in that similar systems may be operated in adjacent rooms

without interference

To improve the quality of transmission and reception of wireless IR communication systems, a
number of modulation techniques have been introduced. Of all these techniques, On-Off Keying
(OOK) is the simplest to implement, and has been used in a number of high-speed prototype
systems [McCullagh94, Audeh96]. The use of a power efficient modulation scheme, such as
Pulse Position Modulation (PPM), offers a decrease in the average power requirement compared
with OOK [Kaluarachi96a] but at the cost of increased bandwidth. Pulse Interval Modulation
(PIM) technique, being investigated at the Sheffield Hallam University over the past nine years,
has been suggested as a possible alternative to PPM for optical wireless communication
systems. Compared with PPM, PIM has a higher transmission capacity by virtue of its
anisochronous nature, and requires no complex symbol synchronisation at the receiver

[Ghassemlooy98a, Hayes98].

As in RF wireless systems, diffuse IR wireless systems can employ a multiple access scheme
for channel reuse strategy. The Direct-Sequence Code-Division Multiple-Access (DS-CDMA)
is one promising scheme, which operates in both the time and wavelength domains, can enhance
the channel capacity when the wavelength resource is constrained. However, this is achieved at
the cost of reduced data throughput. A DS-CDMA system employing OOK signal format,
which is also known as OOK-CDMA, was first introduced for fibre optic systems by
[Salehi89a, Salehi89c]. It utilises optical orthogonal codes (OOC) to form signature sequences
for the purpose of message separation. OOC are sets of zero and one sequences with good auto-
and cross-correlation properties, i.e., the auto-correlation of each sequence exhibits a
“thumbtack” shape (a pulse of high amplitude at zero shift and pulses of low amplitudes at other
shifts) and the cross-correlation between any two sequences produces pulses of low amplitudes
throughout. The use of OOC enables a large number of asynchronous users to transmit

information efficiently and reliably. The thumbtack shape of the auto-correlation facilitates the



detection of the desired signal, and the low cross-correlation reduces interference from

unwanted signals in the network [Chung89].

Generally, a DS-CDMA system encoding is carried out by “spreading” individual bits to form a
signature sequence with a higher bandwidth. However, the bandwidth of an IR diffuse wireless
system is limited by characteristics of the channel (due to the room dimensions) the system
operates in. Under such a bandwidth constraint, a DS-CDMA system’s throughput is reduced,
which is inversely proportional to the length of the signature sequence. For example, the
throughput of OOK-CDMA system is lower than an OOK system under limited bandwidth. To
improve a DS-CDMA system’s throughput without increasing the bandwidth, hybrid PPM-
CDMA (h"PPM-CDMA) system (i.e. DS-CDMA system employing PPM technique) has been
proposed to enhance the data rate based on the property of PPM technique to perform data
compression [Elmirghani94]. In addition, it is found that the throughput can be further enhanced
using a "PIM-CDMA system, where PIM technique offer better data compression. APIM-
CDMA system design is also simpler in that the signal is anisochronous and hence no symbol

synchronisation is required compared with the OOK-CDMA and "/PPM-CDMA systems.

Both #PIM-CDMA and hPPM-CDMA systems achieve data compression by transmitting a
shorter symbol than OOK-CDMA. On the other hand, a symbol of shorter duration will affect
the performance of both hybrid systems in terms of bit-error-rate (BER) and power efficiency as
the signal power per symbol has been condensed. Moreover, the total signal power allowed to
transmit to the channel is limited by the eye safety regulations where the signal power, in
average, shall not exceed the critical level that can damage the retina of eye. These criterions
impose challenges to the design of ”PIM-CDMA, and h"PPM-CDMA, for use in IR diffuse
wireless systems. However, with careful design and employing OOC with good correlation
properties, which is the main focus of this work, the #APIM-CDMA system performance can be
improved and can be considered as a potential candidate for the IR diffuse wireless systems for

achieving higher data throughput.



1.1 Research Objectives

In order to achieve the above mentioned, a number of research objectives have been

identified as outlined below:

e Comprehensive literature survey of indoor optical wireless communication systems.
Acquire an understanding of the IR diffuse channel characteristics and identify the
constraints that it imposes. Review the various modulation techniques employed, such
as the OOK, PPM and PIM, to improve systems performances under the constraints

identified

¢ Review the multiple-access schemes that can be efficiently used in IR diffuse wireless
systems and identify the advantages and disadvantages compared with the RF systems.
Investigate the DS-CDMA systems employed in the electrical domain, the changes that

are required to the system design when migrating to the optical domain

e Review the correlation properties of OOC for message separation. Perform a literature
survey of the various proposed OOC for use in optical DS-CDMA systems. Develop a
new algorithm that can be used to construct large sets of OOC with good correlation

properties, that is practical to implement and requires minimal computation time

e Review the fundamental properties of a conventional optical wireless DS-CDMA
system, which is the OOK-CDMA. Understand the system design and how the
signature sequence encoding and decoding are carried out in the encoder and decoder,
respectively. Examine the performance OOK-CDMA under the constraints imposed by

an IR diffuse wireless system

e Perform a literature survey of optical wireless DS-CDMA systems over a range of

modulation techniques. Investigate the hardware and configurations for designing the
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general introduction to indoor optical wireless links is presented concentrating on the most
viable link for a multiple-access communication system — using a diffuse link. The properties of
an indoor diffuse IR channel are described and methods of modelling and characterising the
channel are reviewed. Next the OOK, PPM and PIM modulation techniques are discussed and

compared in terms of their efficiency under the constraints of a diffuse link.

Chapter 3 presents an evaluation of multiple-access schemes for use in optical wireless
communication systems. The chapter focuses on the CDMA scheme, which utilises both the
time and wavelength domains, as a candidate for the IR diffuse wireless system to enhance the
network channel capacity efficiently. Modulation techniques such as direct-sequence (DS) and
frequency-hopping (FH) techniques suitable for the CDMA systems are compared and

evaluated for use in optical wireless systems.

In chapter 4, various OOC that have been proposed to date are presented and the algorithms,
which can be categorised as either a recursive or algebraic, used for generating the codewords
are discuss. A new recursive algorithm for generating larger sets of OOC codewords in the
quickest time possible is proposed and results presented. The reasons a new algorithm is needed
are discussed and the proposed algorithm is used as an example to demonstrate why a recursive
algorithm always requires longer time than an algebraic algorithm for generating a large set of

codewords.

In chapter 5, the procedures for signal modulation and demodulation, and of signature sequence
encoding and decoding for an optical DS-CDMA system employing OOK signal format, are
presented. There are two configurations for implementing the encoder and decoder, based on
active or passive devices. The properties of the two configurations are reviewed. Then the
optical DS-CDMA systems performances, under the bandwidth constraint of an IR diffuse
wireless channel, are examined in terms of data throughput and power efficiencies. DS-CDMA

systems employing various other modulation techniques proposed so far are reviewed.



Chapter 6 presents the proposed "PIM-CDMA scheme together with the codeword properties
and the encoder-decoder configurations of the system. The data throughput and power
efficiency of "/PIM-CDMA are compared with the OOK, OOK-CDMA and #PPM-CDMA

systems.

A comprehensive BER analysis of Z/PIM-CDMA system is carried out in chapter 7. The analysis
takes into account multiple-access-interference (MAI), self-interference and the hybrid nature of
the "PIM-CDMA signal detection. Also presented in this chapter is the BER expression for the
hPPM-CDMA system, which has not been previously reported. BER performances are
compared for "PIM-CDMA, OOK-CDMA and #PPM-CDMA. The use of Gaussian distribution
for DS-CDMA BER approximation is investigated. Usually, the assumption is made that the
MALI is large in order to use the Gaussian approximation. However, it is found that the BER of
an optical DS-CDMA system (either OOK-CDMA, "PIM-CDMA or /PPM-CDMA) employing
certain groups of OOC is not close to a Gaussian approximation even when the MAI tends
toward infinity. This is because there are two conditions that must be satisfied, which are

discussed in this chapter.

Finally in chapter 8, concluding remarks and the summaries of the major contributions of this

thesis are presented. The possible areas of future work are also discussed.



1.3 Original Contributions

1.

Analysis of IR diffuse wireless channel characteristics and the effect of the normalised
delay spread due to the change of signal modulation bandwidth (sections 2.3.2 and

2.3.3).

Derivation of new expressions for representing the properties of a set of codewords
using a standard matrix format, for the ease and convenient of referencing (section

4.1.1). A novel recursive algorithm for obtaining (n,3,1,1)OOC is proposed and

implemented using the MATLAB programming language (section 4.2.1). The algorithm
is equipped with well-refined conditions that help with computer programming and
provides short cuts to the searching process for a valid set of codewords. The written

programs are included in the CD.

Proposed (n,3 X K,K,K)OOC that can be constructed using the (n,3,1,1)OOC obtained:

from the proposed algorithm (section 4.2.2).

Developed new expressions for obtaining the Prime Codes (PC) sequences using the
representation of the standard matrix format (section 4.4). Investigated the disadvantage
of the recursive algorithm compared with the algebraic algorithm — in the context of

computation time required to generate a large set of codewords (section 4.6).

Developed mathematical models for the OOK-CDMA IR diffuse wireless systems
employing active and passive devices for the encoder and decoder (sections 5.2, 5.3 and
5.4). Investigated the efficiency of active and passive devices when operating with
unipolar signals. Investigated the upper bound of minimum normalised delay spread for
an IR wireless DS-CDMA system. Developed an expression for a correlator receiver to
obtain maximum correlation (section 5.6.1). Investigated the performances of OOK-

CDMA systems in terms of data throughput enhancement and power efficiency (section
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5.7). Derived mathematical models for a APPM-CDMA system and examined the

appropriate configuration for its encoder and decoder (section 5.9).

Derived mathematical models for A/PIM-CDMA systems and examined the appropriate
configuration for its encoder and decoder (sections 6.2). Investigated and compared the
performances, in terms of data throughput enhancement and power efficiency, of #PIM-
CDMA, OOK-CDMA, PPM-CDMA and APPM-CDMA under the constraints of a IR

diffuse wireless channel (section 6.3).

Developed a BER expression for the proposed APIM-CDMA system and the #PPM-

CDMA system (section 7.2). Demonstrated that the BER of APIM-CDMA, OOK-

CDMA and #PPM-CDMA employing (n, w,l,l)OOC can’t be approximated using a

Gaussian function (section 7.3).
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University, Liverpool (oral presentation) (19 — 20 June 2000), p195-200.
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Chapter 2

REVIEW OF OPTICAL WIRELESS SYSTEMS

2.1 Introduction

This chapter will discuss the difference between RF wireless and optical wireless
communication systems. The discussion will concentrate in particular on the need for exploring
and developing optical wireless communication systems, for their capacity and efficiency, as an
additional communication technique. This is motivated as a result of the bandwidth for the RF

wireless systems is currently congested, which is the prime factor.

Both wireless systems require a modulation technique to transfer information to the destination.
Section 2.2 will presents the fundamental need for a modulation technique for the RF wireless
communication system. The advantages and disadvantages of radio frequency, which serves as
the electromagnetic information carrier, are presented. One of the distinct disadvantages is that
the RF spectrum is already congested and allocations of sufficient bandwidths are extremely

hard to obtain [Street97].

Communication between two devices could be in the range of short distance (i.e. less than 100
metres) or long distance. Short distance can be viewed as a communication between two
terminal devices that requires wireless connection for the convenience of connection
reconfiguration (i.e. ease of wiring problem) and short-range mobility — for example, a
communication between two personal computer terminals within a room. Whereas, a long range
communication involves high mobility and requires easy connection regardless of the

communicators’ location — for example, a mobile phone link. RF can pass through walls and can
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travel long distances, whereas IR is a source of light and therefore does not pass through walls
and stays confined within a room. RF may be more suitable for long-range and high mobility

communications whereas IR could be used for short-range applications.

In section 2.3, the technique of using IR as an optical wireless communication carrier is
presented. The difference between the modulations of RF and IR carriers, and their advantages
and disadvantages are also discussed. Literature review of recent research and development in
IR for indoor optical wireless communication systems and channel characteristics are presented.
Section 2.4 will provide the comparison of OOK, PPM and PIM performances in a IR wireless
system. Then it will discuss the motive behind study of the optical wireless communication and

why PIM has been selected for this application. Summary is presented in section 2.5.

2.2 RF Wireless Communication Systems

Modulation is a process of converting information signals at a base-band frequency to a
new frequency, where the signal now occupies a spectral range known as the pass-band that can
be accommodated by the channel medium. The pass-band signal in most electrical
communication systems is usually a coherent continuous-wave. Modulation techniques such as
the amplitude modulation (AM), frequency modulation (FM) and phase modulation (PM) are
commonly used in radio communication systems, as they can employ simple coherent detection
devices, such as a local oscillator, for demodulation. Each of these modulations requires a
carrier wave to transport information at the frequency at least ten times higher than the base-

band frequency.

There are numerous RF wireless products available on the market today for WLANs. The
majority of these products operate in the industrial, scientific and medical (ISM) band located at
2.4 GHz, which has the advantage of being license free in most countries [Hayes02]. However,
the available bandwidth is limited to 83.5MHz, and must be shared with others such as ISM
users, other WLAN vendor products, retail theft protection systems, and to tolerate radio

interference from microwave ovens and elevator motors [Street97]. In theory, infinite numbers
-12-



of channels can exist by dividing the available bandwidth of 83.5 MHz with each channel
having very narrow bandwidth, and with very narrow bandwidth separation. However, in

practice, this is difficult to achieve due to limitation by the hardware capability.

Consequently, robust spread spectrum modulation techniques are required, which result in low
data rates. As an example, the IEEE 802.11-1997 standard for WLANs physical (PHY) layer
specifies that either the direct-sequence spread spectrum (DSSS) or the frequency-hopping
spread spectrum (FHSS) be used (and or PPM for IR wireless system, this will be discussed
later in section 2.3.3) [WWW2, IEEE97]. The data rate of the PHY layer is standardised to
operate at either 1 Mbps or 2 Mbps at maximum. This was then improved upon in 1999 with the
ratification of the IEEE 802.11b standard, which adds two higher data rates of 5.5 Mbps and
11Mbps to the DSSS standard [IEEE99]. Many of the products currentfy on the market today
are either based on this standard, or the HomeRF standard, which also operates in the ISM band,
and achieves a maximum data rate of 10 Mbps using FHSS. The next generation RF WLAN
products operate in the so-called 5 GHz band that was allocated solely for use by WLAN
products. This allows systems to be optimised in terms of data rate and efficiency, free from the
constraints associated when coexisting with other products. There are currently two competing
standards in this band, these being IEEE 802.11a and HiperLAN2, both of which provide
maximum data rates of 54 Mbps. Another standard worth mentioning is Bluetooth, which is a
short range point-to-multipoint standard for voice and data transfer, also operating in the ISM
band. The data rate is a mere 723.2 kbps and can operate up to a range of 10 metres. Though
these are a few disadvantages of Bluetooth technology, the rationale behind it is low cost, thus
allowing it to be integrated into a variety of portable electronics devices, which may then
communicate with each other via ad hoc wireless networks termed piconets [Hayes02]. An
experiment has been carried out to compare the performance between the DSSS and Bluetooth
systems and the results showed that the DSSS system performs better in the presence of

interference [Punnoose01].

-13-



2.3 Optical Wireless Communication Systems

In an optical wireless system, the signal is transmitted over a channel at infrared
frequencies using intensity modulation with direct detection (IM/DD). IM/DD is a simple
process that takes place at the transmitter end and receiver front end, where an optical source
such as an LED is used to convert an electrical current to an infrared intensity signal, and a
photqdiode is used to produce a photocurrent that is proportional to the infrared intensity that is
incident upon it [Barry94]. At present, the IR spectrum is unregulated and the radiation does not
produce visual interference, however it can harm the retina if the optical power is not carefully
monitored. Infrared transmission eliminates the need for a radio carrier frequency as in the case
of the electrical system discussed above, as the signal at base-band frequency can be directly
modulated to IR frequency (pass-band) using the IM/DD technique [Kahn97, Shiu98a]. The use
of radio carrier frequency in conjunction with IR can enable a multiple-access communication

system, known as Orthogonal Frequency Division Multiplexing (OFDM) [You02].

One of the differences between an electrical (RF) signal and an optical (IR) signal is that an
electrical signal can be bipolar and operates in both regions of positive and negative electric
fields. Whereas an optical signal based on light intensity is always positive and unipolar. A
schematic system block diagram of an IM/DD optical system is shown in figure 2.1. DC bias is
included to ensure that the modulated signals are all positives prior to intensity modulation of
the light source. At the receiver, the DC bias is removed from the detected signal before

amplification and processing.

Information
Signal

A
\J/

| Signal
Processing

Figure 2.1: IM/DD base optical system block diagram.
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Infrared is similar to visible light in that both are absorbed by opaque objects and do not pass
through walls. In other words, an information signal carried by infrared is confined to the room
in which it is originated. For this reason, the infrared frequency can be reused in the adjacent
rooms with no regulation requirement, thus providing virtually unlimited transmission capacity
[Kahn97]. Other comparisons between radio and infrared wireless systems, which have not been

discussed above, are shown in table 2.1 [Ghassemlooy00, Barry94].

Property Radio Infrared Implication for infrared
Bandwidth regulated? Yes No Approval not required —
world-wide compatibility
Passes through walls? Yes No Inherently secure. Carrier
reuse in adjacent rooms
Multipath fading Yes |  No Simple link design
Multipath dispersion Yes Yes Problematic at high data rates
Path loss High High
Dominant noise Other users | Background | Short range
light
Average power ! [ Dy, (tlz dt I Dy (1)t Dy, (t) is the input signal with
proportional to * ) high peak-average ratio

Table 2.1: Comparison between RF and IR for indoor wireless communications.

Although an optical system has the advantage over an electrical system such as it does not
interfere with audio, microwave and other radio frequencies, its radiation, if not carefully
controlled, could damage the human eye. Therefore, there is a need for a modulation technique
that offers both power and bandwidth efficiencies. The following subsections will address these

two issues and will introduce the modulation techniques suitable for IR applications.

2.3.1 Optical wireless link configurations

There are a number of ways that an optical wireless system can be configured, as shown
in figure 2.2 [Barry94]. The line of sight (LOS) configurations (top row) achieve higher power
efficiency than the non-LOS, as most of the transmitter radiation travels in one path to the
receiver. Especially, the directed LOS configuration (figure 2.2 (a)) achieves the highest power
efficiency by utilising narrow beam transmitter and narrow field of view (FOV) receiver. The

concentrated light that is directed from the transmitter to the receiver makes this an optimum
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Fuller descriptions of each of the configurations shown in figure 2.2 have been presented in
detail in [Barry94]. Here it was found that the diffuse system (figure 2.2 (f)), which is non-
directed non-LOS, is the most convenient from the user’s standpoint as the configuration does
not require alignment between the transmitter and receiver, to maintain LOS allowing
considerable mobility to communications. However it does suffer from multi-path propagation
effects, however with careful design it has been experimentally proven that it has the capability
to provide robustness and high-speed transmission [Marsh96]. The design involves using a
large-area, wide FOV, narrow-band optical receiver to provide a high signal-to-noise ratio
(SNR) in the presence of intense ambient illumination. It uses a high-pass filter to reduce the
effect of fluorescent lights, and quantisation feedback (QF) to remove resulting baseline wander,
with a decision-feedback equaliser (DFE) to mitigate ISI due to multi-path propagation
[Marsh96, Lee98b, Lee98c]. From here on, this thesis will only consider the diffuse

configuration.

2.3.1.1 diffuse system channel characteristics

A realistic infrared channel can be well characterised by two parameters, which are the
optical path loss and the root-mean-square (RMS) delay spread. A diffuse channel can be
modelled as a base-band linear system, with input power Dy, (t), output current d, (¢), and an
impulse response h(t) which is fixed for a certain physical configuration of receiver, reflectors,

and transmitter [Kahn95, Carruthers96a, Carruthers97], as shown in figure 2.3. The model is

summarised as:

| 40 0= R, (8 ) 0) ey

where ® denotes convolution, Rp, is the receiver photo-detector responsivity with units (A/W)

and n(t) is channel noise with units (A) due to background radiation.
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Figure 2.3: Diffuse link channel model.

To characterise a particular multi-path infrared channel, it is useful to determine the average

transmitted optical power, given as:

T
.1
;P;vdfk =:11n1255: Tl)Tx(t)jt’ (2.2)

T

which is required to achieve a certain BER for a particular modulation scheme [Carruthers96a].
(2.2) is the power constraint and it implies that for a given transmitted average optical power

erITx , the receiver SNR can be improved by transmitting a waveform D, (t) having a high

a

peak-to-average ratio [Audeh94].

In [Carruthers97], the diffuse channel model definition is given as follows. Defining the optical
gain G, for a channel with impulse response A(t) to be Goc =r° h(t):it, then the received

average optical power is:

;p;vde:=(;0CFp;v47k° (2-3)

The optical path loss can be written as:

Optical path loss (optical dB) =-10log,, G . 24

The transmitted optical signal after undergoing multiple reflections will cause pulse dispersion.

The ceiling bounce model for multi-path dispersion is well represented by:

h(ta,)=—"—u(t), (2.5)

where a, =2H/c, and u(t) is the unit step function. The variable H is the effective height of

the ceiling above the transmitter and receiver, and ¢, is the speed of light. The variable a, is

related to the RMS delay spread by:

-18-




13
Dy (he 603 )= 2.6)

The normalised delay spread D, is a dimensionless parameter defined as:

= (2.7)

where Ty, is the effective pulse duration. This parameter can be used for investigating the

diffuse system performance due to the severity of pulse dispersion.

In the following, it is assumed that G,- =1 when there is no power loss in channel. Thus the

effective channel impulse response is defined as:

he)= whc ()

b

I h,(t,a, )dt | 28

so that Goc = [ A{tjit=1 [Carruthers96al.

2.3.2 Digital modulation techniques

To utilise a particular optical communication link, analogue signals are usually
converted into digital signals before being intensity modulated by a light source. The unipolar
characteristic of optical system makes it more suitable to transmit digital signals than analogue

ones. A pulse of peak intensity ¥, is transmitted to represent a ‘1’ and no intensity for a ‘0’.

There are several digital modulation techniques being proposed. In general, the choice of a
modulation technique for a specific application is influenced by the characteristics of the
message signal, the characteristics of the channel, the performance desired from the overall
communication system, the use to be made of the transmitted data, and the cost factor, that is
always important in practical applications [Tranter95]. The choice of a digital modulation
technique for an indoor optical wireless communication is influenced by the eye safety
regulations where the amount of optical shall not exceed the limit that will damage the human

eye. The limit is defined as [Barry94]:
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T

.1
lim jT Dy, [ty <W,,, 2.9)

where W, is the maximum allowable optical power transmitted for the duration of 27 . Other

influential issues include [Hayes02]:

e  Power efficiency where power consumption is to be kept low while maintaining a
desirable BER. Low power consumption will help to maintain a longer battery life

for portable infrared devices.

e  Bandwidth efficiency where the base-band bandwidth is limited by the multi-path

propagation effect in a diffuse system.

Digital modulation techniques that have been investigated for use in optical wireless system are
OOK, PPM and PIM [Hayes02]. All these modulation techniques will be studied throughout

this thesis with the assumption that information from data source is in a binary format.

2.3.2.1 on-off keying

It is the simplest modulation technique to implement. The modulation is a process of
converting the information bit ‘1’ from data source to a pulse of constant amplitude ¥, for the
duration of one bit T, . Whereas, the information bit ‘0’ is basically converted to an off state of
duration 7. The data rate is R, =1/T, . The system block diagram is shown in figure 2.4 (a).

The waveforms observed at the input and output of the channel together with the channel
impulse response is shown in figure 2.4 (b). As observed from figure 2.4 (b) and (c), the

normalised delay spread for the OOK signal, denoted by DT|00K , represents the end point of the

exponential tail of the dispersed signal decay to an insignificant value. The value of DT]OOK is

obtained by choosing Dp,s =0.3x107s, as an example, and the channel is assumed ideal with
no noise n(t).

=20~




Denoting the binary data as By, , the information bit stream at the output of OOK modulator is

represented by:

by (6)=V5 ) Byr8lt —kT,), (2.10)
k=0

where k is an integer denoting the k™ bit information and g(t) is a square pulse. The optical

signal transmitted is given by:

DTx (t)=RTbex (t)’ (211)

where Ry, is the transmitter optical source responsivity of unit (W/A).

2.3.2.2 pulse position modulation

PPM is an orthogonal modulation technique that has been proposed to achieve power
efficiency compare with OOK, but at the expense of increase bandwidth and system complexity.

In PPM, each block of M-bits of information is mapped to one of L possible symbols. Each

symbol is a fixed frame of duration LT, , where the time slot T, = MT% and L=2".
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Each symbol consists of a pulse of constant amplitude ¥, and duration T,. The position of a
pulse within a symbol, displaced at an integer multiple of 7, from the symbol’s origin,
corresponds to the integer decimal value of the M-bits information. An example of a PPM

symbol, mapping the 4-bits of information B, ; = { 0 1 0}, with a decimal value of 10, is

shown in figure 2.5.

Time (s)

Figure 2.5: PPM symbol mapping 4-bits information Bk|Tx = {1 01 O}.

Generally, the notation L-PPM is used to indicate the order, and hence the example above is a
16-PPM. Using the same channel characteristics and data as in figure 2.4, the waveforms
observed at the input and output of the channel together with the channei impulse response are
shown in figure 2.6. Note that the PPM pulse width has been reduced as a result of increased
bandwidth due to the increase of PPM mapping order L. As a result, the exponential tail of the

dispersed signal shown in figure 2.6 (b), decay to an insignificant value at 1.2T, durations away

from the original pulse, further than the OOK shown in figure 2.4 (c). This is because the

normalised delay spread Dy pp, = DRM% for PPM is higher than the OOK.
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Amplitude (v)

Symbol1  Symbol

2
|

0 5T, 107,

Figure 2.7: PIM symbol mapping 4-bits information Blex = {1 01 0}.

Each PIM symbol is composed of a pulse, occupying one 7, followed by a number of empty
slots 7,. The PIM maximum symbol duration is equal to the PPM fixed symbol duration and
the minimum symbol duration is 17,, where the information is all ‘0’s. Assuming that the

information bits are independent and identically distributed (IID), then the average PIM symbol
length L, =(1+L%. PIM signal waveforms and channel response are shown in figure 2.8

using the same parameters as in figure 2.6. Note that PIM pulse width is the same as the PPM
pulse width, and has the same severity of dispersion. As observed when comparing figures 2.8
with 2.6 (a), the PIM packet length when transmitting the same information as PPM is shorter.

Hence PIM achieves a higher throughput than PPM and OOK.

Another proposed format of PPM known as the Differential PPM (DPPM) [Shiu98b, Shiu99] is
similar to PIM. The only difference is the DPPM locates the information slots at the beginning
of a symbol and only then a pulse at the end of the symbol. This difference does not affect both
modulation schemes in term of BEF, BER and power efficiency performance. Therefore, only

the PIM will be discussed.
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PIM does achieve high throughput and alleviates the need for slot and symbol synchronisation.
It offers improved power efficiency over OOK, but not PPM. Although PPM and PIM are
power efficient, and PIM has high throughput, both schemes suffer from severe pulse dispersion
as outlined below. Figure 2.9 (a) shows the comparison for power efficiency, Wy , against the
number of bits, M =log, L, being mapped. Also, the severity of dispersion D, against M is

shown in figure 2.9 (b).

For M =1, PPM offers no power efficiency whereas PIM is lower by ~1.25dB. As M
increases, the PPM power efficiency increases linearly at the rate of 3.01dB per bit mapping.
On the other hand, PIM displays a non-linear characteristic; this is because of the variable
symbol structure. Although PPM and PIM offer improved power efficiency at values of M >1,
compared with OOK, both suffer from pulse dispersion. Assume that the diffuse channel

characteristic has a Dy =0.3x10™s and the OOK data rate is R, =1Mbps, then the severity

of delay spread for PPM and PIM as the M increase can be related to:

- 2" Dpys Ry
M

=0.3x2M . (2.12)
M

Dy

Referring to figure 2.9 (b), the delay spread for both the PPM and PIM pulses are increased

exponentially with M . In order to show a clear picture (for comparison) of the effect of

dispersion on the signal pulse, a plot based on a constant slot duration of T, = %{ =1x10"s
b

(in contrary to the T, in figure 2.9 (b) that varies) but variable Dy, (governed by (2.7)) is

shown in figure 2.9 (c). As can be seen the signal pulse is severely dispersed and the signal peak

amplitude reduced greatly as M is increased.
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in [Hayes00, Hayes02]. Eye safety regulations are the dominant factors that limits the number
of modulation techniques that could be used in optical wireless communication systems. It was
shown that PIM achieved power efficiency and BEF compared with the OOK and PPM. Both
PPM and PIM suffer from severe pulse dispersion, but employing equalisation techniques can

result in improved performance [Marsh94, Marsh96].
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Chapter 3

MULTIPLE-ACCESS SCHEMES

3.1 Introduction

In designing a WLAN network, where a wireless medium is shared by all network
clients or users, it is essential to employ a multiple-access scheme [Marsh97]. A multiple-access
scheme is a technique that separates the messages corresponding to different clients, so that they
do not interfere with one another. Conventional schemes accomplish this by making the
messages orthogonal in one domain so that can be easily handled with digital signal processing

technologies.

There are a number of well-known optical multiple-access schemes, which employ time,
wavelength (infrared) and time-and-wavelength domains for message separation. These are
Wavelength-Division Multiple-Access (WDMA), Time-Division Multiple-Access (TDMA),
and Code-Division Multiple-Access (CDMA). In WDMA and TDMA a fixed amount of
wavelength and time, respectively, is allocated to accommodate the individual channels.
Theoretically, an infinite number of possible channels can exist, although most of these are
impractical due to the implementation difficulties [Liu00]. CDMA does not explicitly allocate a
fixed amount of time to each channel but uses codes to spread the signals so that multiple
channels can be transmitted concurrently. This is achieved at the expense of greater duration or
bandwidth. Both WDMA and TDMA capacity is hard limited due to the number of channels
determined by the total number of wavelength and time resources, where no more users can
access the network once capacity is reached. Alternatively, the capacity of CDMA is soft

limited as it allows flexible network capacity but at the cost of quality, the system BER depends
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on the number of active users [Stok00]. The following sections will describe and compare all

three multiple-access schemes, in particular CDMA.

3.1.1 Wavelength-division multiple-access

WDMA systems allocate the available optical bandwidth into distinct wavelengths that
are simultaneously occupied by different clients’ signals, to permit multiple-access
communication links. A wavelength-time diagram is shown in figure 3.1(a) where three
different information signals, indicated with different labels, simultaneously occupy the
wavelength-time plane. A physical channel corresponds to a band of wavelength, where the
wavelength at the centre of each band is the carrier. Each of the horizontal stripes represents one
channel capable of providing a communication link that does not interfere with its neighbours.
The total number of clients that can be transmitted is equal to the number of carriers allocated.
In the electrical system, the equivalent of WDMA is known as Frequency-Division Multiple-

Access (FDMA).

The problem with using WDMA in LANS is that a significant amount of dynamic coordination
between communicating pairs or nodes is required. Though a control channel can be dedicated
for pre-transmission coordination, this will waste the bandwidth that could otherwise be used
for data transmission and introduces latency as communicating pairs attempt to negotiate a
connection. On the one hand, the control channel can be avoided by assigning transmission
rights in a predetermined fashion, or through contention-based protocols. However, in large
networks with dynamic populations scheduling becomes difficult, and collision detection

schemes waste bandwidth and can introduce significant latency [Stok00].

3.1.2 Time-division multiple-access

The complement of WDMA is TDMA, in which each signal uses only one carrier
wavelength for a fraction of time, as shown in figure 3.1(b). To perform TDMA, a transmitter

stores the source information that arrives in a time interval referred to as a TDMA frame. Each
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transmitter and receiver pair only communicates for a fraction of the frame, one pair after
another. Each pair occupies the same time slot within the frame for transmission. The time
interval occupied by one signal stream is a slot. In TDMA, a physical channel corresponds to
one time slot. When its time slot begins, a transmitter sends the stored information at an
accelerated speed, so that all the information recorded in one frame is transmitted in a slot. The
receiver records the signal arriving at a given slot and plays it back at the original slower rate.
The playback interval is one frame and the received information, restored to the lower rate,
emerges in a continuous stream with no gap. In principle, time-division techniques could be
used for discrete analogue communications. In practice, however, they appear only in digital
systems, where it is much simple to store binary signals arriving at the source rate, and then
release them at the faster channel rate. The number of physical channels in a time division
system is the number of slots per frame, which is the ratio of the frame duration to the slot

duration. In figure 3.1(b), each frame has 3 slots corresponding to 3 carriers.

TDMA system requires each communicating pair to be in completely synchronised. Though a
global synchronisation system can be employed, it does not guarantee transmission time
matching between source and destination, resulting in time drift between the communication
pair. Eventually, the receiver will drift ahead of or behind the transmitter by one entire TDMA
frame’s duration, resulting in reception of the wrong signal. Therefore, each frame needs an
extra bit for synchronisation purposes, so that the transmitter and receiver pair can synchronise
their clocks at regular intervals. There is a disadvantage of TDMA technique, where some
channels may have nothing to transmit during the off-peak hours. The channels that dedicated to

the idle pairs will still be reserved and hence time capacity is wasted [Matloff01].
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Figure 3.1: Multiple access schemes. () WDMA, (b) TDMA and (¢) DS-CDMA.

3.2 Code-Division Multiple-Access

CDMA is based on spread-spectrum techniques. It spreads the message signal to a
relatively wide bandwidth by using a unique code, in order to reduce interference, enhance

system processing, and support for multiple-access communication.

3.2.1 Spread-spectrum

Spread-spectrum techniques originated in answer to the unique needs of military
communications, and this application is still the predominant one. For a communication system
to be considered a spread-spectrum system, it is necessary that the transmitted signal satisfying
two criteria. First, the bandwidth of the transmitted signal must be much greater than the
message bandwidth. This, by itself, is however not sufficient because there are many
modulation methods that can achieve this. For example, FM, Pulse Code Modulation (PCM),
and Delta Modulation may have bandwidths that are much greater than the message bandwidth.
The second criterion is that the transmitted bandwidth must be determined by some function

that is independent of the message and is known to the receiver.
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The bandwidth expansion does not combat white noise as it does in FM, PCM and other wide-
band modulation methods. This is so because bandwidth expansion is achieved by something
that is independent of the message, rather than being uniquely related to the message. Since a
spread-spectrum system is not useful in combating white noise, it has other applications that

make it worth considering. These applications include:

e Anti-jam capability — particularly for narrow-band jamming
o Interference rejection

e Multiple-access capability

e Multipath protection

¢ Covert operation or low probability of intercept

e Secure communications

e Improved spectral efficiency — in special circumstances

¢ Ranging

There are many different types of spread-spectrum systems; one way to classify them is by
concept. On this basis spread-spectrum systems may be considered to be either averaging
systems or avoidance systems. An averaging system is one in which the reduction of
interference takes place because the interference can be averaged over a large time interval. An
avoidance system, on the other hand, is one in which the reduction of interference occurs

because the signal is made to avoid the interference a large fraction of the time.

A second method of classifying spread-spectrum system is by the modulation technique used,
which may be:

e Direct-sequence (DS) (pseudonoise)

e Frequency-hopping (FH)

e Time-hopping

e Chirp

-35-



e Hybrid methods

The relation between these two methods of classification may be made clearer by noting that a
direct-sequence system is an averaging system, whereas frequency-hoping, time-hopping, and
chirp systems are avoidance systems. A hybrid modulation method may be averaging,
avoidance, or both [Cooper86]. A typical CDMA system that utilises both wavelength-time
resources is illustrated in figure 3.1(c). To demonstrate the process of averaging and avoidance

with multiple-access capability, the DS and FH are discussed.

3.2.2 DS and FH spread-spectrum techniques

DS is usually used to encode digital information. The process is a form of spreading one

information bit, of rate R,, to a new form of binary stream of » chips. The chip rate R, is

defined as:

R.=nR, ,n=123,.... 3.1

The process of spreading is depicted in figure 3.2, where n=5. The spreading sequence is a
random pattern of bits ‘0’ and ‘1’. In unipolar signal modulation, an information bit ‘1’ is
spread to form the spreading sequence, whereas a ‘0’ bit remains unchanged. In bipolar signal
modulation, the positive signal is spread to form the spreading sequence, and the negative signal
is spread to the complement of the spreading sequence. This process can be seen as a result of
multiplication between the information and the spreading sequence. The spreading sequence can
be duplicated and synchronised at the transmitter and receiver. The receiver recovers the
original signal by performing a correlation function with the same sequence as that of the
transmitter. The pattern of the spreading sequence is determined by a code. When a set of
different codes is used, multiple-access communication is possible, whereby the system can
operate at one carrier wavelength, but with increased processing time. The process is depicted in

figure 3.1(c), where each code represents a channel.
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3.24 Correlation

Correlation is a fundamental process in a spread-spectrum system and forms a common
method of receiving individual signals. It is the process of measuring the similarity between two
signals. The degree of correlation is often normalised between zero and one. A value of one
indicates a perfect match whereas a value zero indicates total mismatch. Correlation is usually
carried out using a circuit known as a correlator. A correlator is typically composed of a mixer
followed by a low-pass filter (LPF) that performs an averaging function, as shown in figure 3.4.
The mixer is a multiplication function for comparing two signals. It will output a high value if
the two signals are matched, and a lower output, depending on how different the signals are.
The averaging circuit will determine the average output of the mixer. This value is therefore the

correlation of the two signals.

Correlation

Signal 1-— Mixer |~ LPF (—>
value

Signal 2

Figure 3.4: A typical correlator block diagram.

In a DS system, a correlator is used to identify and detect the signals with a particular spreading
sequence. If the received signal matches with a locally generated spreading sequence, the
correlator will yield a high value. In a noisy and interfering communication environment, some
of the received signals from the channel (the spread sequences) will be corrupted. After mixing,
the interfering signals (the undesired spreading sequences) are spread and resemble noise, while
the desired signal is de-spread and the energy is focused onto a single chip period. The
averaging circuit will then perform a low-pass filtering function, thereby reducing the noise
while passing the time constrained information. A threshold circuit is then used to decide
whether the received signal is either a match or mismatch. This is the heart of the DS

interference-rejection process.
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Auto-correlation is the process of correlating two identical sequences, and cross-correlation is
the correlation of two different sequences. A correlation process for DS system is demonstrated
in figure 3.5. In optical systems operating in the positive region only, the bit ‘1 of the spreading
sequence is modulated with a positive square pulse, whereas the bit ‘0’ is modulated with an

empty chip, both are at rate R,. The electrical systems will modulate the bit ‘1’ with a positive
square pulse and the bit ‘0’ with a negative square pulse at the chip rate R,. The intended client

receiver will have a replica of the spreading sequence, as plotted in red colour in figure 3.5. The
incoming signal to the receiver, plotted in blue, will be multiplied with the replica sequence.
Figures 3.5 (a) and (b) shows the in-phase auto-correlation where both sequences are multiplied
at exactly the same time frame. This will result in the maximum sum of products, where the
total is 2 for the optical and 5 for the electrical. It is said that the ‘auto-correlation peak’ for an
optical sequence is equal to the number of pulses (bit ‘1°) in the sequence, and for the electrical
it is equal to the sequence length. The number of pulses that contribute to the sum of products is
usually known as the ‘code weight’. An out-of-phase auto-correlation can be imagined as two
sequences that are correlated at a different time frame. Figures 3.5 (c) and (d) show a typical
out-of-phase correlation. Note that the sum of product of out-of-phase is less than the in-phase,
which indicates dissimilarity. Thus the reconstructed signal occurs at the in-phase position,
which is the position it was at when encoded with the spreading sequence at the transmitter.
Note that in general, the name auto-correlation itself implies that the function includes both the
in-phase and out-of-phase terms. Hence the specific term must be mentioned to signify the
specific correlation function. This is also the case for cross-correlation. When a set of spreading
sequences produce a peak equal to the code weight at the in-phase auto-correlation but zero
value when out-of-phase, and the cross-correlation of any sequences in the set is always zero,

this is termed ‘orthogonal correlation’.

The correlation process in a FH system is implemented somewhat differently, but the concept is
the same. In a FH system, the transmitter carrier frequency is changed many times a second

according to the hop-set. The receiver uses the same hop-set to follow that of the transmitter,
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. where n is the spreading sequence length. A sliding correlator is employed to carry out the
phase search. The sliding correlator operates by slowing down or speeding up the replica
sequence at the mixer in such a way that it can search backward or forward in time to acquire
the incoming sequence. This can be visualised as two wheels, with a red mark on each, rotating
at different speeds on a same shaft. One of the wheels can be thought as “catching up” with the
other. At one in‘stant‘ the red mark of the two wheels will meet together, thus representing the
replica seqﬁgnce that is in phase with the transmitted or incoming sequence. Momentarily, the
mixer output will produce the auto-correlation peak and a local oscillator will be signalled to
synchronise and lock the phase of the incoming sequence. A comprehensive discussion on
phase synchronisation procedures including circuit schematic diagram can be found in

[ARRLOI].

A unique short spreading sequence will exhibit several repetitions periodically in a short amount
of time. A digital matched filter can be constructed to signal the presence of this unique
sequence, which is known as preamble. This is essentially a form of epoch synchronisation.
Longer sequences will require more complex synchronisation methods, which is undesirable.
Another method uses a sequence based on the time of the day. The receiver sets up a digital
matched filter with a value slightly ahead of the current time and waits for the sequence to
appear — this is related to the phase synchronisation method. The procedure may be useful for

network operations in which clients can enter or leave the LAN at will [ARRLO91].

3.2.5.1 preamble

A preamble signal is commonly sent by the transmitter immediately before it enters the
signal-spreading mode. The preamble signal alerts the receiver to set up its synchronising
procedure to acquire the spread signal. The format of the preamble is different from system to

system.

In slow FH, which has hop rates of less than 100 times a second, a tone appearing on a

prearranged frequency or home channel can be used. The falling edge of the tone signals the
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beginning of hopping. At faster speeds, the precise instant that the tone falls may be difficult to
measure accurately, and hence other preamble methods are typically employed. One such
method calls for the frequency-hopping receiver to examine a specific set of channels
continually. The transmitter pair would hop on these channels a prearranged number of times to

allow the receiver to synchronise.

In DS (electrical system) transmissions the preamble performs three functions. First, the
receiver must acquire the RF carrier frequency phase. This may be done by transmitting a run of
chips with bit 0’, which reveals the carrier’s centre frequency to the receiver. Second, local
clock synchronisation is established by transmitting a sequence of alternating ones and zeros.
The receiver will detect these transitions and derive chip timing from them. Lastly, the
spreading sequence is to be synchronised using the epoch synchronisation procedure. An optical
system, which does not employ a carrier frequency, does not require carrier phase

synchronisation and hence reduces system synchronisation component.

Once rough synchronisation is established, the receiver must track and maintain chip timing.
There are several techniques to accomplish fine synchronisation. One involves a feedback loop
mechanism that attempts to minimise the timing error between a transmitter and receiver pair
spread-sequence at the fraction of the chip time. The feedback loop commonly consists of a
differencing circuit that calculates the actual chip difference and a feedback path that adjusts the
receiver spreading-sequence clock. In one technique called dithering, the spreading-sequence
clock speed is continually rocked back and forth around the synchronisation point, causing the
receiver to periodically move in and out of synchronisation a small amount. The point at which
best synchronisation is achieved is used to resynchronise the receiver clock. Dithering can track
a spreading-sequence whose timing may be changing, perhaps due to the transmitter moving, or

in the case of FH, with changes in the height of the reflecting layers of ionosphere [ARRL91].
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3.3 Summary

Three multiplexing schemes have been discussed. The WDMA scheme enables each
communication channel to transmit information at higher data rates, but the channel capacity is
limited by the available wavelength. TDMA can offer a large number of communication
channels using one wavelength, however it trades off channel capacity with the reduction in
system transmission rate. The CDMA technique utilises both wavelength (or frequency in RF)
and time resources and provides flexibility in bandwidth and channel capacity management and

allows for synchronous and asynchronous operation modes.

CDMA not requiring wavelength or time division technology alone for message separation is an
added advantage, where using either WDMA or TDMA in conjunction with CDMA, can
enhance channel capacity by a significant order of magnitude [Stok00]. This is illustrated in
figure 3.7, where the extra three channels (4-6) were produced as a result of WCDMA-CDMA
[Perrier88, Yang97, Andonovic99] joint technique, or the extra channels 7-8 produced as a

result of the TDMA-CDMA [Vollmer01].

Wavelength

Channel 4
Channel 5
Channel 6
| / Charpél 1 /| Channel 7
/ Channel 2 Channel 8
I/ Channel 3 Channel 9

I'4
Code

Time

Figure 3.7: Joint multiple-access techniques.
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Chapter 4

SPREADING CODES

4.1 Introduction

As discussed in the previous chapter, a DS-CDMA system requires a set of F
spreading sequences to enable a number of F pairs of network clients to communicate in a
common channel simultaneously. The spreading sequences play an important part in message
separation as well as synchronisation. To be a good message separator, the spreading sequence
must be distinct from other sequences that share the common channel. Both the auto- and cross-
correlation constraints of a code set must be low in order to achieve low MAI and to aid rough

synchronisation.

In an electrical DS-CDMA system, each spreading sequence of a set is usually designed to have
an equal weight of ‘1’ and ‘-1°, and its pattern is random and different from those of the other
sequences. Having equal weights, the out-of-phase auto-correlation and crdss-correlation might
result in zero values (as the equal number of ‘1’ and ‘-1’ may entirely cancel out each other),
giving virtually no MAI. Numerous sets of code have been proposed such as the M-Sequence
code, Gold code, Kasami code, Gordon-Mills-Welch code, No code and Walsh code [Chen99,
Andonovic99]. However, none of these codes proved to be truly orthogonal where the
correlation constraints are considerably high [Chen99, Tirkel96]. The only PN code that has
perfect orthogonal correlation is the Walsh code, where the orthogonal correlation only occurs

at zero time shifts [Lam02, Chen99].
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The signature sequences for optical systems are different from those for electrical ones. The
number of ‘I’s and ‘0’s in a sequence cannot be equal in order to achieve orthogonal
correlation. This is because an optical signal only operates in the positive region. When
correlation is carried out, the product-of-sum (result of correlation) between two streams of
positive numbers always results in a positive value. The solution to design unipolar sequences
that are distinct from each other is to have sufficiently small number of ¢1°s and large number of
‘0’s. This is because the correlation between a ‘0’ and a ‘1’ will result in zero. Recalling that
only the weight, which is the number of ‘1’s in a sequence, will only contribute to correlation
magnitude. Therefore, with fewer ‘1’s and many ‘0’s in a sequence, the probability of a ‘1’ from
a sequence that will correspond with a ‘1’ from another sequence will be very low as compared
with the probability of a ‘1’ will correspond with a ‘0’. In other words, the unique pattern of a
PN sequence is determined by the randomness combination of ‘1’ and ‘-1°, whereas the OOC is

determined by the distance between any pair of ‘1’ in the sequence.

For OOC, the amplitude of the in-phase autocorrelation, when at a maximum, is equal to the
code weight, w (the number of ‘1’s in signature sequence). Whereas out-of-phase correlation
has amplitudes range from 1 to w—1. A number of OOC have been proposed and are
categorised to one of the following groups:

e (n,w,4,,4,)00C

e Prime Codes (PC)

e Truncated Costas (TC) Codes

Though their names are different, all of the above codes can be in general represented by the

(n,w,4,,4,)O0C [Mari¢95]. The parameter n is the sequence length, w is the code weight,

and A, and A, are the auto- and cross- correlation constraints respectively [Salehi89a].

Before beginning to discuss all the three groups in detail, a standard way of matrix

representation will be introduced so as to avoid any confusion that may be caused by the many
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different terms introduced by different authors. This representation will be used throughout this
thesis. Following this the codes are introduced and algorithms used to generate them are

presented. Then a comparison of the algorithms is given in the discussion chapter and finally the

summary.

4.1.1 Standard matrix representation

The matrix:

C'WU CW1'2 oo Cwl,w
‘code’ Fxw _ 2,1 . .
Wiy = ‘. S b 4.1)
ch’l e e CWF,W

represents a set of codeword for the ‘code’ (where ‘code’ is the code name) of Fxw
dimension. One entire row, denoted by i, is one codeword. The element in a row, denoted by
J, is the location of a pulse in a sequence. For example, the codewords for the set

(19,3,1,1) OOC with F =3 sequences are represented as:

01 6
(‘9'3"")0015CW(?,’}3)= 0 2 10/. 4.2)
0 3 7

The spreading sequences of (4.2) are illustrated in figure 4.1.

Amplitude (v)
v, r
Sequence 1 5
Time
0 6 19
Amplitude (v)
Vs
Sequence 2
Time
02 10 19
Amplitude (v)

14
Sequence 3

j

Time
0 3 7 19

Figure 4.1: Example of (n,3,1,l)OOC spreading sequences.
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Two other useful matrices, known as the relative-distance and the extended-relative-distance,

are defined respectively as:

rcode! RD(,F Y = , 4.3)
n—cwg ,forj=w
and:
(rd; ,forJ<w,theni=Iand j=J
JowH ,forw<JS2w,theni=1andj=j'.
2. 7d()) - . -

e If j >w,then jisforcedto j=j mod,,
J=2w+2 P = P= i

codé gy Fontnd) _ Z”d(z ) , forl2w<J <3w,theni=17and ]'— 7. @

n (1) P If j >w,then jisforcedto j=j mod,, )

7 4’"‘%“2‘2) ,for (w-2)w< J <(w—1)w, theni=Iand j= ;.
rag; ' .
| /- J_(w_z),f ) If j >w, then jisforcedto j=j mod,

Fxw

Note that cwy; ;) is the element of the matrix """ﬁ'CW(,-, 7y » where the terms ‘code’, Fxw and n

have been omitted for the purpose of a simple representation. This is also true for 7d|; ;), which

belongs to '“’df;'RD(f' ) - The use of this matrix representation is helpful in reducing the number

of variables used for representing each individual i ™ codeword, relative-distance and extended-

relative-distance. An example of RD matrix of the codeword in (4.2) is represented as:

13

9|, 4.5)
12

(19,3,1,1)00C 33 _
I9RD(i,1

W N -
H 00 W

where the ERD matrix is represented as:

1 513 6 18 14
(031000 ERpPS =12 8 9 10 17 11| 4.6)
3412 7 16 15

The need for the relative-distance and extended-relative-distance for code construction will

become clear in the following sections.
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4.2 (n,w,A,,4,) Optical Orthogonal Codes

(n,w,4,,2.)O0C were proposed by [Chung89]. There are a number of suggestions
for constructing these codes with a different combination of the 4 parameters n, w, 4, and A,

[Chung89, Chung90, Azizoglu92, Yang95b, Yang95c, Ge01, HoO1, Weng01, Martirosyan02].
The magnitudes of A4, and A, indicate the BER performance of the OOC, where the larger
magnitudes indicates a poorer BER performance. There is no algebraic method for constructing
this code; instead algorithms are used to rigorously search for a pattern for each sequence such
that they are distinct from each other. Such an algorithm is known as a recursive algorithm, and

is depicted in figure 4.2.

Generally, any set of codes based on this construction simply the name (n,w,4,,4,) OOC. As
with all recursive algorithms, if the correct number of codeword patterns cannot be obtained for
a set, even where others have been obtained, the whole process will have to start again (refer to
the loop directed by the red lines in figure 4.2). Some algorithms can guarantee that for certain
values of parameters F', w and », a set of valid codewords can be obtained [Chung89, Ge01].
Whereas, some algorithms cannot guarantee this and propose modified values of the parameters
until a valid set of codewords is obtained [Chung89, Chung90, Martirosyan02]. This is time

consuming and requires extensive computational power.

According to [Yang95c], the two correlation constraints A, and A, serve two purposes. Low
A, enables the receiver to obtain synchronisation — to find the beginning of its message and

locate the codeword boundaries. Low A, enables the receiver to estimate its message in the

presence of interference from other clients. Thus a low cross-correlation constraint aids
synchronisation in the presence of MAI and permits each receiver to “track” its message after

rough synchronisation is achieved.

-50-



There were five recursive algorithms proposed by [Chung89] for constructing
(n,w,4,,4,)00C of any values 4, and A,. [Ge0l, Martirosyan02] proposed algorithms for
constructing (n,w,,1) OOC only. In [Chung90], developed algorithms for constructing
(n,w,2,2)O0C as well as (n,w,1,1)OOC were proposed. [Yang95b, Yang95c] proposed
algorithms for constructing unequal constraints for 4, and A, such that (n,w,2,]) OOC can be
obtained. Some of these algorithms are limited to a certain value of F . All these algorithms are
complex and lengthy, and will not be included in this thesis. For this, the reader is referred to
the literature for more detailed information. Additional information on the Combinatorial

Algorithm [Chung89] can be found in [Colbourn99]. All these are recursive algorithms and

have similar structure as shown by the flow chart in figure 4.2.

Here, a new algorithm is proposed that is systematic and easy to implement as outlined in

section 4.2.1. The algorithm is able to construct an optimal (»,3,1,1) OOC only for any value of

F and in the shortest time possible. Nevertheless, section 4.2.2 will show that a set of

codewords of larger w, 4, and A, can also be obtained, from a set of (n,3,1,1) OOC.
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4.2.1 Proposed algorithm

The main advantage of this novel algorithm is that it uses only one matrix (i.e. ERD) to
generate a valid set of OOC codewords and utilises only half the matrix size compared with
other algorithms [Yang95c] — this will be shown later in the analysis for C5. Each row
represents a codeword and only one element in each row that needs to be searched for — this will
be shown in the analysis for C4. This algorithm is also recursive and has a similar structure to
figure 4.2, however the ‘set of conditions for testing’ (as highlighted in yellow) are reduced and
simplified — thus the number of recursive loops is reduced. This has then led to easy
implementations by computer programming and requires less computational time. To introduce
the algorithm, this section will start with a definition and a number of analyses that led to the

determination of the simplified conditions.

4.2.1.1 definition

The variable F for a set of (n, w,l,l)OOC codewords can be obtained from [Chung89]:

Fs—2—""_. @.7)

If (4.7) is the upper bound such that:

n-1

Fo| ) “o

then the generated set of codewords is known as optimal (n, w,l,l)OOC .

Fundamentally, a codeword set belongs to an (n,w,l,l)OOC if it satisfies only one condition,

that is:

Condition 1 (C1).  Each element belonging to the ERD set shall not be repeated more

than once [Salehi89a]
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The number of elements in ERD is limited to Fw(w—l) [Salehi89a]. Here, additional

rules/conditions for constructing (,3,1,1)OOC are introduced, which are:

Condition 2 (C2).

Condition 3 (C3).

Condition 4 (C4).

Condition 5 (C5).

The value of each elements in ERD ranges from 1 to n—1
Each row of ERD can only have one element of value within the
range 1 to F. For simplicity, this element is assigned to the first

column of each row (ie. erd(;). This is also stated in the

Combinatorial Methods given in [Chung89]
1) Since erd(; ;) has been assigned a value, then only erd; ,) of each

row in ERD needed to be searched for and ii) the range of erd;,

value has a minimum limit of F +1, but the maximum limit varies
for each different row. The maximum limit is determined by the
condition such that erd;,) + erd; ;)< (n+1)/2

The size of ERD has been reduced from F(w—1jw to

F((w—=1)w/2 +1). The reduced size will contain enough elements to

obtain a valid set of codewords. Those discarded elements were

found to be of no use and were taking up space or memory

% Note that the elements of ERD, whose values represent the distance between any pair of ‘1’

in a sequence, determine the patterns of sequences. Hence the values of all elements of ERD

being different to each other will mean that the set of sequences obtained are distinct.

Therefore the values of the elements are sometimes termed as the patterns.

Cl is included to ensure that the correlation properties are always 1. C2 to C5 allow the

algorithm to search for a valid set of patterns in the quickest time. Refer to figure 4.2, here C2

and C4 help by acknowledging the algorithm’s ‘test routine’ (highlighted in yellow) to test only

the values that will lead to a valid set of patterns. C3 predetermines the value of the first column

of each row of FRD matrix before the matrix enters the ‘test routine’, where the matrix is
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initialised in the block highlighted in green. It allows the ‘test routine’ to jump-start to testing
possible values and avoids testing determined-impossible-values in the future. C5 reduces the

ERD matrix size, hence requiring less computer memory and processing time.

Analysis for C2

Lets take an example of a ('9'3"")0?(9"014’(?:}3) codeword, where F=3, w=3 and n=19.

For this code the RD and ERD are defined from (4.3) and (4.4), respectively as:

(5300 Way —Way Mz WMoz =W
19,3,1,1)00C 3x3 _
15 RDG ) =| W2 =Wy CWas) —CWa2) B—CWas | 4.9)
We ~Wen  Wes ~MWie - MWag)

and:
19,3,1,1)00C 3x6 _
( ),9ERD(,.J)_
rdgy Ty tdas rdaytrdgy  rdggyrdgy rdgs +rdgg
rdoy 1oy ey rdeytrdgy 1dontrdes rdeytrday |- (4.10)

Taking the sum of RD for row 1, in (4.9), as:

¢= ”d(m) + rd(,,z) + rd(m) . 4.11)

Substituting the elements rd; ; with cwy; ;) from (4.9) in (4.11) results in:

¢ =(ewqz — W)+ (cWq3) — W) +(n - Wi .3))

== M- (4.12)

Since, cw,, is always equal zero, then ¢ =n. This is the same for all other rows.

Therefore in general, the code length can be expressed as:

n= rd(,.,l) + rd(,.,z) + rd(,.,3) . 4.13)
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Substituting for rd; ;) from (4.13) in (4.10) results in:

(19,3,1,1)00C 36 _
19 ERD; j

rdoy 1doa n-rdoy —rdog i rdey trdy n-rdg, n-rdg, |.

: 4.14)
rday rday n-rdgg =rdg, irdgytrda, n-rdg, n—rdg,

As can be seen from (4.14), the matrix can be divided into two regions. The left region
contains columns 1 to 3 and the right region contains columns 4 to 6. Note that the
elements on the right are reflections of the elements on the left, where an element on the
right is obtained from an element on the left by deducting from #. The position of a
reflected element (on the right) may not have an equal distance to the original element’s
(on the left) from a symmetry point (indicated by the dotted line). For w=3, there are

six elements in a row of ERD and only the two corresponding elements, erd(;5) and
erd(; 4), have equal distance. The position of the elements on the right is not important,

because at the final stage for constructing the codeword, only the elements on the left

are required. Also, the right elements, erds) and erd(g), are not needed in the

proposed algorithm for searching a distinct pattern. This will be discussed in further

detail in the following analyses.

Since the minimum value in CW is 0, then the minimum value for ERD must be 1
(note, as mentioned previously no element in ERD can be repeated more than once, and
it must be a positive integer). From (4.14), any elements of columns 1 and 2 could be at

the minimum value 1, therefore the maximum value will be n—min{rd(,., j)}=n—l.

Thus it was shown that the elements of ERD range from 1to n—1.

Analysis for C3

Let row 1 of ERD contains two values in the range 1 to F, where F =3 has been

chosen for this example, for erd(;;) and erd|; ,). There are three possible combinations
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for choosing the value for erd(; ) and erd|, ,) as shown in table 4.1. The combination of
values for erd(,;) and erd(;,) is not important. For example the row 1 from table 4.1,

the combination erd(;) =1 and erd(;,) =2 is the same as erd(, ;) =2 and erd( ;) =1.

This can be explained from (4.10) and (4.14). Observe that the right region of the ERD,
which is the extended properties of RD, always result back to the same properties for all

combination of erd(;;), erd(;,) and erd; ). The values in table 4.1 are tested using the

lemma 4.1 below.

erd(l,l) erd(l,z)
1 2
1 3
2 | 3

Table 4.1: Various combination values of erd(; ) and erd, ;).

Lemma 4.1

Assigning the first combination values for the row 1 of ERD, the resultant of

summing erd( ;) and erd(;, is 3. Then row 2, erd(, ;) and erd(,,) must be a

value higher than 3, e.g. 4 (or a higher available value). The ERD for this

assignment is shown as:

(19,3,1,1)00C 36 _
15 ERD ij

1 2 16 3 17 18
4 5 10 9 14 15

(4.15)

Row 3, erd(;;) and erd(;,) must be a value that has not been used before

between 1 and 18. It is obvious that the minimum value available is 6. Then

rewriting (4.15) as:
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1 216 3 17 18
(931000 ERDEG =4 5 10 9 14 15|, (4.16)
6 7 6 13 12 13

From (4.16), it can be seen that row 3 has two numbers, which are 6 and 13,

being repeated twice. Therefore this is not a valid arrangement for the

(19,3,1,1)00C.

Applying lemma 4.1 to the others values in table 4.1 will also result in no valid
arrangement for the (1 9,3,1,1)OOC . This is due to the reflection property of the matrix

at its mid point, which divides the left and the right regions. The mid point can be

located by:

g == (4.17)

NS

It can be observed from (4.16) that erd(;;) and erd(;,) of rows 1 and 2, have values

within the half minimum range (1 to (n —1)/ 2) that are less than the n,,,. Whereas,

erd;y) of both rows is a reflection, has a value within the half maximum range

((n+1)/2 to n—1) that is larger than the n,.q. For this reason, the summation of

erd;,) and erd(; ;) must result in a value that is in the minimum range, so that the value
of erd(; will be reflected in the maximum range. The value of erd; ;) will certainly
reflect to an identical value to erd(;) or erd(;,) if the resultant of erd; ) +erd;,) is
large such that the reflection of erd(; s will result in the same minimum range as
erd;;) and erdy; ,). This will only occur when usually the last codeword in the set is to

be obtained, as was shown in Lemma 4.1.

Nevertheless, there is an exceptional case for erd; ;) to reflect in the minimum range
without overlapping with erd(;;) or erd; ;). The value of erd; ) +erd; ;) must be the

number next to n,,, so that the reflection occurs at the other side and is also next to
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N, For example, let erd)=2 and erd(, =7, for n=19 and n,;, =9.5. The
result of summation will be erd(4) =9 and the reflection will be erd(; ;) =10 (where
column 3 is reflected in the maximum range). On the other, let erd(; =2 and
erd ) =8 then erd(, =10 and erd(; =9 (where column 3 is reflected in the

minimum range). This condition is true for all rows except for one condition where

erd;) =1 and erd(;,) =9 . The reflection is erd(; ;) =9 and resulted in overlapping.

It is impossible to provide a mathematical model to prove that each row of the ERD can
only have one element with value within 1 to F in order to obtain a valid set of
codewords. However, using lemma 4.1, tests for F (from 2 to 10) were carried out and
it was found that all tests required the same condition as mentioned. From observation,

this is also true for all values of F'.

Analysis for C4

As mentioned in the analysis for C3, the ERD properties will never change if the values

of erd,), erd,) and erd( ;) are inter-changed. Therefore for simplicity, the first
column of each row of ERD is assigned as erdy,=F, erd,;=F-1, ..,
erd(p_;;)=2 and erd(r ;) =1. Since, values from 1 to F have been assigned to erd;)
of each row, then the minimum value available for erd(;,) will be F +1. It was shown
in the analysis for C3 that erd(,.,l)+erd(,.’2)5(n+l)/2 so that erd(,.’3)2(n—l)/2.
Therefore, according to these two conditions, each erd(,.,z) of different rows will have a

different maximum limit.

Note the values of erd;) are assigned in the reverse order because this arrangement

will lead to a valid codeword in the quickest time. According to the two conditions

stated previously, for erd(,;), which has the highest value, to sum with erd(; ;) without
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exceeding the limit, then the value of erd(; ;) must be a small value (i.e. F +1). Next,
choose a smallest value that is available for the erd(,,), and so on, then leaving the
highest value for the erd(r,). This is because erdr;) has the smallest value and so
adding to a higher value from erd(, ;) will only result in a slightly higher value — that is

still meets the conditions.

Analysis for C5

Referring to (4.14), the right region is the reflection of the left region. This means that if
each element in the left region is different from the other elements in the same region,
then the reflection of each of the element occurring in the right region is also different
from the other reﬂected elements. For example, if

erdg=erd; 1= {1, F}and J ={1,3} , where /=1 and J =1 cannot be together, and
so erd ¢ #erd( :I'={1,F}andJ'={4,6} , where I'=1 and J'=6 cannot be
together — this equality is due to the reflection effect. Therefore, the elements erd; s
and erd(; ) can be eliminated. However, erd(; ;) cannot be eliminated owing to it being
obtained from erd; ) +erd; ) and it reflects for erd(;;). The ERD size has then been

reduced to F x (w+1). As compared with [Salehi89a, Yang95c], where the actual ERD

size is F x (w(w+1)), the new ERD size is reduced by 2/3 for every F .

Once a valid ERD is obtained, the codeword can be constructed by working backward from

(4.4) and (4.3). The simplified codeword is given as:

0 erd(,,-,l) erd(F,l) + erd(p’z)

(n,3,1,1)oocCW({~‘>_<)3= 0 er d(F—l,l) erd(F—l,l)+er d(F-l,z)
n iJj : : : )

(4.18)
0 erd(,,l) erd(l,l) + erd(l’z)
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The proposed algorithm was implemented in MATLAB programming, see appendix and the CD
provided. The programs contain many extra functions that help to speed up the searching
process. The discussion for the functions is not included in the main text but the functions have

been well commented in the program function files themselves

4.2.2 Proposed (1,3 xK,K,K) 00C

The proposed algorithm can only construct OOC with w a multiple of 3 for K22 . The

codewords are constructed from a valid set of (n,3,1,1)OOC . For example, a set (746.2 2)C W(M)

can be constructed from C73" ')OOCCW(f”f), by cascading two codewords from the latter to form

a new codeword for the former. The procedure is as follow, two codewords

G7.31 1)OOCC W(GX3) [1 3] and (73" 1)OOCCW(G 47) 0= [1 3] are cascaded to form a new codeword
as 14622 >S . j=[1,6]. The remaining 4 codewords of (37'3"'1)003§CW(:."”}3) can be cascaded 2

by 2 to form for (14.6.2 2)CW 3"6 : j=[1,6] and (46,2 2)CW 3"6 : j=[1,6]. This procedure can be

best illustrated by:
cw&l ) cw&l,z) cw'm) cwi‘,) cw(42)+n cwi4,3)+n'
TR =| W) Wan) Wlan Wy tn oWz tn ewsy k| (@419)

] CW(Z’I) Cwi3’2) CWi3’3) (6 1) + n CW(6 2) + n cwi6’3) + n'

where CW(, ;) and n' belong to G7.31 l)OOCC W(6 )~ There is no particular order or combination
for cascading two codeword to form a new codeword, as long as the two codewords are

("’3"'1)OOCCW(,.’: 7§ set obtained from the proposed

different. This is because each codeword of the
algorithm is distinct from each other. For a higher order of code weight, e.g. w=9, the

codeword can be constructed by cascading 3 codewords from a set of ("’3"")005CW(5 % For

example, a set (115 3)0101fCPI/(2x3 can be obtained from the source (37’3’1’1)003§'CW(?,’;.3) . Similarly,

the construction procedure is defined as:
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(111,9,3,3)00C 2x9 _
mCW(r,j =

cwi,,,) CWil,z) cwiu) cwiz’,) +n ... cwim) +n cw&m +2n ... cw&m) +2n
CM/'&4,|) Cwi4’2) CW&“,}) C"ViS,]) + n' “se CW&5'3) + n' CW&6’1) + 2”‘ vos CWE6,3) + 2”’ ) (4'20)

Note that the length 7 of the new codeword is determined by the original n" and the order of

cascading K . For example, the new length is obtained by:

n=Kn'. (4.21)

4.3 (n,w,1,1)Strict 00C

Most of the (n,w,1,1) OOC discussed above were designed for use in constant-bit-rate
systems. However, when used in a variable-bit-rate (aperiodic) system, the correlation
constrains will be increased by one, i.c. /1", =1+1 and /7.'0 =1+1, due to the aperiodic data

transmission [Petrovic90, Zhang97d, Zhang99d]. An increase in the correlation constraints is

described mathematically in [See00] and graphically in [Zhang97d, Zhang99c, Zhang00a].

[Petrovic90] proposed a solution for maintaining the correlation constraints equal to 1 at all
times and for all transmission conditions, e.g. whether periodic or aperiodic. It was suggested

that all of the “1’s (equal to the code weight) must lie within 0 and (n—1)/2 on the spreading

sequence. This also means that any set of codewords must satisfy the following:

(n,w,l,l)OOECVV(f;)W < (n - 1)/2 , (4.22)

isa (n,w,1,1)SO0C.

Algorithms for constructing the (n, w,l,l)SOOC were given in [Zhang97d, Zhang99b,

Zhang99c, Zhang00a]. These are more complex and are recursive owing to the conditions for
the codeword validation being less discriminating. Only small sets of codewords were provided
in the literature, however no large sets of codeword have been reported so far. This is because a
recursive algorithm requires a huge amount of computation time to find a valid set (maybe up to

months or years). This will be discussed in more detail in section 4.6.
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From the proposed algorithm, most sets of codeword obtained are (n,w,l,l) SOOC or near to
(n, w,l,l) SOOC . This can be proved by considering C4 and (4.18). In (4.18), where cwy; ;) has

the highest value in the codeword, it is defined as:

CW(,.’3) =erd (i,1) +erd (i,2)° (4.23)
According to C4:
erd;\ +erd;; < —'—Z—-'-—l-
(i,1) (i,2) = 2
rd(,-’l) +rd (,2) < nTH, (4~24)
and so:
n+1
CW(; 3) < 7 (4.25)

Therefore the codeword obtained is (1, w,1,1)SOOC if:

n+l
CW(;3) < = (4.26)
and not if:
n+l
CW(iJ) = T . (427)

For the case of (4.27), the codeword can be converted to (n, w,l,l)SOOC by adding 2 to

sequence length n to a new length of n' =n+ 2, such that:

n+l n -1

= 4.28
> 5 (4.28)

Wis) =

The last term of (4.28) is the limit of the condition for (n,w,l,l)SOOC as defined in (4.22).

4.4 Prime Codes (PC)

The family of PC and their derivatives are defined in relative to a prime number P.

Compared with (n,w, /?.a,/lc)OOC, all codeword sets of PC have an algebraic way of
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construction. This section describes the construction of a number of such codes that have been

reviewed.

4.4.1 Prime-sequences

A Prime-Sequence (P) (PS(P)) code is the easiest of all codes to construct. The
algebraic algorithm for constructing PS(P) is given in [Shaar83, Prucnal86, Yang95a,
Nikolajevi¢98a]. The number of codewords that can be generated in a set is F =P. The code
weight is w=P and the sequence length is n=P?. Substituting these values into the standard

form, of (4.1), the algebraic algorithm for constructing the codeword set can be summarised as:

rOewy =i -1]xLi - 1)mod, ]+ [(7 -1)x P], (4.29)

where 1<i, j < P. An example of PS(5) codeword is shown below:

10 15 20
12 18 24
14 16 23| (4.30)
11 19 22
13 17 21

PS(5) 5x5 __
25 CW(i.j) -

S O O O O
O 00 9 &N W

PS(P) has been shown to be a very poor signature sequences for optical DS-CDMA system, as

its auto- and cross- correlation constraints are 4, < P—1 and A, <2 [Mari¢93]. Therefore,
other algorithms are proposed to modify or improve PS(P) in order to achieve a lower A, and

A, , as described below.

4.4.2 Modified prime codes (MPR)

A codeword set constructed based on the modification from a set of PS(P) code is
grouped as MPR [Zhang97b, Zhang97c]. MPR construction may involve only algebraic

algorithm or both algebraic and recursive algorithms.
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4.4.2.1 quasi-prime sequences

The Quasi-Prime Sequence (P) (QSP(P)) is a slight modification from PS(P). It was
proposed as an alternative for optical DS-CDMA system, where a fibre-optic lattice was used as
the codeword encoder and decoder [Holmes92].

The algorithm for obtaining the codewords is similar to the PS(P) and is defined as:

orsew? =i -1]x (7 - 1)+ g)mod ]+ [(j - 1)x P, (4.31)

where 0<g<P-1,1<i<P,1<;<Q and Q is any positive integer [Holmes92]. The g is to
be chosen and it represents the number of times for cyclically shifting the frames of PS(P)

codeword to the left. The Q is usually chosen to be larger than P as the code weight is w=0
and the sequence length is n= QP . Note that (4.31) is similar to (4.29), this is because they are
defined in a similar way. An example of a codeword is shown below for P=5 and 0=6. The
value for g is chosen such that the first and last columns of the codeword matrix have constant
values, except for the 1¥ codeword. The value of § for each codeword, from number 1 to 5
respectively, is § ={0,2,1,4,3}. With these values, the elements of the first and last columns are

2 and 27, respectively.

10 15 20 25
14 15 21 27
11 18 20 27]. (4.32)
13 16 24 27
10 19 23 27

oPs(5 5x6 _
gO)CW(iJ) -

NN NN O
AN L O 0 W

4.4.2.2 2" prime-sequences

2" Prime-Sequence (P) (2" PS(P)) codes were proposed by [Kwong94a, Kwong94b,
Kwong96]. In [Kwong94a, Kwong94b, Zhang98a, Zhang99a], 2% is referred to as 2", but

because the variable 7 has been used as the sequence length, it is renamed here as 2”. 2" PS(P)

is a modified version of PS(P) where the code weight and number of codewords are reduced.

The new code weight is w=2", where 27 < P . The algorithm for the modification is recursive.
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The PORD{ from a PCICW(S" has to be tested against a condition before it can be

modified, and the condition is defined as [Kwong94a]:

r d(i,xe(zz-‘ -nem) = d(i,yea(zz"—l)eam)’ (4.33)

where x, y, Z and m are integers such that x#y, 0<x,y<2" -2, 1<Z<#i-1, and
me [0,2ﬁ —1]. The symbol @ represents modulo 2" addition. The variables x and y must be
divisible by 2”. The rd(; ;) in (4.33) correspond to é S(P'?RD(,’.': e
When (4.33) is true for x and y, where both variables are divisible by 2" then the condition is
to be tested on each row of ** (P'?RD(,F., ) - Elements in each row that satisfy the condition will

remain unchanged otherwise they are discarded. If there is no element in a row that satisfies the

w

condition, then the entire row is discarded. Once all elements in © S(P’?RD(,F.’ "} have been tested

and necessary modifications have been made, then the new set of codewords is obtained by
working backward using (4.3). Since the code weight has been reduced, the sequence length can
also be reduced, provided that the properties of the new set of codewords, where 4, <P -1 and
A, =2, remain unchanged [Kwong96]. Sometimes there are rows of "JRD(%} being
discarded and this resulted in a reduced number of codewords (i.e. F <P ). A good tutorial for

obtaining a 2" PS(P) from a PS(P) is shown in [Kwong96].

The advantages of reducing the code weight and codewords are a reduction in the probability of

occurrence of A, and A,, and thus the MAI, resulting in improved BER performance.

Additionally, the 2" PS(P) codeword has a symmetric pulse distribution that can be encoded

using a tuneable prime encoder and decoded using a 2" decoder [Kwong96, Zhang97a,

Zhang00b].
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4.4.2.3 extended prime-sequences

As the name implies, Extended Prime-Sequence (P) (EPS(P)) codewords can be
obtained by extending the codeword from PS(P). The extension is carried out by addinga P —1

distance between two adjacent ‘1’s in a codeword [Zhang98b], which can be defined as:

werp s = (i -1]x [j —1)mod . ]+ [( - 1)x (2P - 1)}, (4.34)

where 1<i,j<P.

In this codeword, 4, <P-1 and A, is reduced from 2 to 1, as compared with PS(P). Lower
values of A, mean a reduced MAI and hence improved BER performance. However, a longer

n results in a reduced data rate.

4.4.2.4 2" extended prime-sequences

A 2"PS(P) code is interesting for system design as it has symmetric pulse distribution
for fast encoder and decoder configuration [Zhang98b]. Nevertheless, the correlation properties
A, and A, remain the same as the PS(P). Therefore A4, of 2" PS(P) can be reduced to 1 by
extending the distance between two adjacent ‘1’s of a codeword in a similar way to EPS(P).

Thus this codeword is known as 2" Extended Prime-Sequence (P) (2" EPS(P)).

The algorithm introduced in [Zhang98b] can be implemented by adding P —1 to each relative-

distance of the 2" PS(P) as shown:

SRR = RO + () (39

The codeword is then obtained by working backwards using (4.3).

4.5 Other OOC

There are many others OOC that have been proposed, two such codes are the Quadratic

Congruence (QC) code [Mari¢93] and the Truncated Costas (TC) code [Mari¢95]. They are
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