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Abstract

In this thesis, a hybrid scheme is proposed for the purpose of suppressing the effect
of external modulation and/or laser nonlinearities in Subcarriecr Multiplexing (SCM) fiber
optic communications systems. Hybrid CDMA/FDMA combines two schemes in such a
way that the resulting hybrid network is robust against interference and is much more
spectrally efficient than a CDMA system. Several possible architectures for the hybrid
CDMA/FDMA subcarrier fiber optic Local Arca Network (LAN) are introduced. These
networks utilize CDMA and SCM, an asynchronous multiple aceess scheme with no waiting

time.

Direct Sequence Spread Spectrum Multiple Access (DS/SSMA), the most common
form of CDMA. in which each user is assigned a particular code scquence which modulates
the carrier along with digital data, is employed. It is shown that by using the code sequence
sets for which the shift-and-add property holds, the Intermodulation Products (IMPs) and
harmonics have a similar interference-like effect as the non-matching sequences. Owing
to the fact that shift-and-add property holds for conventional spreading sequences, i.c.,
Gold, Kasami and maximal-length sequences, the suppression of nonlinearity distortion is

evaluated.

An average error probability performance evalution of the sclected configuration for
a transceiver pair is presented. In analysis of the system, we assume the interference
term arising from other users is gaussian distributed. The results arc compared to that
obtained from exact evaluation of interference distribution using the Gauss Quadrature

Rule integration (GQR) method.

We compare the performance of this scheme for two different code sequence scts
(N=127 Gold and N=255 Kasami codes) and determinc that there is a significant. ad-
vantage in deploying the N=255 Kasami codes.

We also present some preliminary experimental results on the proposed LAN unple-

mentation as well as the transmission performance. The results show great promise.
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Chapter 1

Introduction

1.1 Motives

Extremely low propagation loss and large bandwidth of fiber are two main reasons that
lighwave technology has revolutionized telecommunications. However, at the present state
of technology, Local Area Network (LAN) applications are limited mainly by expensive

optical cornponents and lossy optical couplers.

Wavelength Division Multiple Access (WDMA) is a technique which allows easily tap-
ping the entire bandwidth of fiber. In optical communications literature, this technique
is often called Frequency Division Multiple Access (FDMA) when the channel spacing is
relatively close; i.e. comparable to the bit rate. A successful realization of such a system
requires preeise carrier frequency control to ensure a high signal-to-interference ratio at
all times. For achieving high signal-to-interference ratios, a laser with a sharply peaked
output spectrum or a so called Single Frequency (SF) laser is required. Conventional semi-
conductor lasers tend to oscillate simultaneously over a broad range of wavelengths, so
they are not well suitable for high-density WDMA. However, SF lasers, based on the dis-
tributed feedback or distributed Bragg reflector structures are becoming available. These
devices incorporate special resonators that suppress all modes of oscillation but one, re-
sulting in an cssentially single-frequency output. An additional feature of these lasers is
their adaptability for direct frequency modulation. A change in the bias current through
the device causes a small but easily detectable shift in the optical frequency of oscillation.
This cffect can be used to transmit data via Frequency Shift Keying (FSK) at speeds in
cxcess of 1 Gb/S. Although we have alleviated phase noise caused by wide laser linewidth;
the sensitivity of the laser light frequency to changes in bias current causes unstability
in the laser oscillation. Hence, adjacent channels drift in frequency toward one another.
Stable, tunable single-mode lasers considering the state of today’s optical technology if not

realizable are quite costly, therefore, not suitable for networks.



A receiver in a WDMA systern must be able to select the desired optical signal and
reject interference from unwanted adjacent channels. This has been achieved by a narrow-
band optical band-pass filter based on Fabry-Perot interferometric techniques. The filter
is electrically tunable. It permits simple demodulation of the incoming FSK signal by
converting it into an amplitude-modulated wave that can be readily detected. The central
message in this discussion is that by using optical FDMA schemes these networks will offer
total throughputs of thousands of Gb/s while serving a community of thousands of users.
However, the technology required to achieve this explosive advancement is not fully avail-
able yet, and certain key components, such as tunable lasers have proven diflicult to realize.
Without having such lasers WDMA networks will suffer from a poor signal-to-interference

ratio due to unstability and wide linewidth of lasers.

At the same time, subcarrier multiplexing demonstrates potential to be a convenient

and efficient technique for transmission of analog or digital information.

Variety of new information distribution systems using Subcarrier Multiplexing (SCM)

have been proposed, recently.

Darcie and Bodeep [8] claim subcarrier transmission of multi-channel AM-VSDB signals
may find widespread application in Video distribution systems. They study performance

of these systems and the limitations imposed by laser nonlincarity and noise.

Olshansky [9] argues that independence of microwave carricrs makes sirnultancous
transmission of analog and digital modulation signals possible. Systems built today can
exploti low-cost analog electronics and still be capable of evolving in steps with anticipated

future requirements to transmit both digital and high-definition video signals.

Analog subcarrier modulation technique is becoming attractive becausc of wide band-
width capabilities of semiconductor lasers. However, these techniques require the laser
light intensity be a linear function of the drive current, under large signal modulation.

Nonlinearities introduce distortions which can severely limit the system performance [10]

Recent fiber optic experiments have demonstrated feasibility of combining subcarricr



multiplexing (SCM) technique with coherent detection to provide multichannel transmis-
sion and improved sensitivity. Regardless of the way of detection; such systems suffer from
Intermodulation Distortion (IMD). However, in the direct detection case, IMD is caused by
laser or external modulation nonlinearities and in the coherent case IMD is a fundamental

characteristic of the modulation/demodulation process.

Optical FDMA and SCM schemes are emerging as promising techniques in multiple-
access lightwave systems for high-bit rate and low-bit rate applications, respectively. How-
ever, these schemes are sensitive to any type of interference. In systems exploiting optical
FDMA, poor signal-to-interference ratio is due to optical frequency drift or wide linewidth
of lasers. In SCM systems, the interfering signals are due to external modulation or laser
nonlincaritics in direct detection case and is an inherent characteristic of the modula-

tion/demodulation proccss in coherent detection case.

By contrast, Code Division Multiple Acces (CDMA) is robust against interference.
The most common form of CDMA is Direct-Sequence Spread-Spectrum Multiple Access
(DS/SSMA) in which each user is assigned a particular code sequence which modulates,
the carrier along with digital data. The DS/SSMA techniques are characterized by the
use of a high-rate code (i.e., many code symbols per data symbol) having the effect of

spreading the bandwidth of the data signal.

Spread spectrum technique can be used to reduce interference. Traditionally, it has
been used for suppressing the effect of interference due to jamming, interference from
other users of the same channel, and self-interference due to multipath propagation. This
technique can also be used for suppressing the effect of interference due to optical frequency
drift in optical FDMA systems or interference due to harmonics and Intermodulation

Products (IMPs) caused by laser nonlinearity in subcarrier multiplexing schemes.

CDMA in optical systems can be exploited to ease the optical technology challenges.
Stable, tunable lasers with accurate wavelength control are not required. The optical
carriers are allowed to wander randomly anywhere over the optical frequency range, because

by using sprcad spectrum technique the effect of interfering adjacent channel signals is



suppressed.

A hybrid scheme that combines FDMA and CDMA in such a way that resulting
network is robust against interference and is more spectrally efficient than CDMA scems
very interesting. Vannucci [16] presents many of implementation details of a combined

CDM/FDMA system and demonstrates feasibility with today’s optical technology.

In this thesis we will examine the capability of hybrid CDMA/FDMA systcmn at sub-
carrier level in suppressing the effect of laser nonlinearity. At the same time, the required
spreading of the spectrum in order to support a certain number of users is much less than

that for asynchronous CDMA; if a limited number of FDM subcarricrs are cmplyed.

The major goal of this thesis will be to examine the potential capability of the proposcd
CDM/FDMA scheme in suppressing the effect of laser nonlincaritics, while by cmploying
microwave subcarrier multiplexing we are taking advantage of wide-bandwidth capabilitics

of semiconductor lasers.

In discussing implementation issues, we will suggest scveral alternatives which arc
very cost efficient for low-bit rate users of the proposed LAN. However, our results are not
limited to the proposed set of components. The results arc not limited to those devices and
techniques that are currently available or practical. Lasers with a very high modulation
bandwidth will be available in the future, however, laser nonlincarity is a fundamental
characteristic in a light generation process. From rate equations it can he seen that the

stimululated emission term, is a nonlinear coupling of electron and photon densitics.

Having described the general motivations, we now state the contributions and outline

of the thesis in the next two sections.

1.2 Contributions

Subcarrier multiplexing has proven potential in multiple-access lightwave systems,

specially for low-bit rate applications. Laser nonlineariy is the main source of immpairment



in such systems. In this work, a new CDMA/FDMA subcarrier scheme for the purpose of

reducing nonlinearity distortion has been proposed.

Several possible configurations for the hybrid CDMA/FDMA subcarrier fiber optic
LAN has been discussed. In our proposed systems, conventional spreading sequences can
be used. For all these sequences the shift-and-add property holds. It has been shown that
using these sequence sets to spread the signals prior to subcarrier frequency modulation,

IMPs and harmonics have a similar interference-like effect as the non-matching sequences.

The power suppression of each order of IMPs and harmonics has been evaluated while
a code sequence of length N is employed. Data bit rate in the suggested system is limited
by the maximum laser modulation rate. However, there is possibility of using external

modulation to support high-bit rate users. Our results are valid in either case.

A detailed design of a transmitter and a recciver has been provided and the suggested
subsystems have been exprimentally realized. A good agreement has been observed be-
tween theoretical and experimental results. By using the proposed receiver which is a SAW
filter-based type, one may make the system as spectrally efficient as FDMA systems while

benefiting from robustness of CDMA against interference and as a mode of access.

1.3 Outline of the Thesis

Next chapter will provide review material. Three different LAN topologies are intro-
duced. Problems associated with optical LAN topologies are discussed. A background
is provided on optical network devices . A number of design considerations of subcarrier

multiplexed lightwave systems related to our work are explained.

A major part of Chapter 3 consists of background materials on CDMA scheme and
spread spectrum sequences. In this chapter different code sequence sets, generation method
of these codes and their properties are described. After discussing the properties of the
sequences in detail and using their properties, we derive the variance of the product of

an arbitrary number of these sequences, since, these products correspond to transformed
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IMPs and harmonics in our proposed LAN.

In Chapter 4 several configurations arc introduced for the LAN . Advantages and
disadvantages of each is stated. After modelling the proposed system using Gaussian dis-
tribution assumption on the multiple-access interference term, the average crror probability
performance is evaluated. Results obtained under the Gaussian assumption are compared
to exact results obtained from numerical computations. In numerical evaluations, Gauss
Quadrature Rule (GQR) integration is used as the method of probability density func-
tion (pdf) computation. Then, performance of the system is examined for two different

sequence sets, namely; Gold sequences of length 127 and Kasami scquences of length 255.

In chapter 5, a detailed design of subsystems, i.e., transmitter and receiver is described.
Results of a preliminary experiment on performance of the system is presented. Lastly,

Chapter 6 outlines the conclusions reached with some suggestions for further rescarch.



Chapter 2

Optical LANs and Sabsystems —
SCM Lightwave Systems Design Issues

2.1 Overview of Optical LANs and Devices

In this chapter we provide a relevent background on different optical LAN topologies
and problems associated with them. We then overview optical devices. After providing
the necessary background we investigate releverant design considerations of subcarrier

multiplexed (SCM) lightwave systems.

2.2 LAN Topologies

Fiber as a transmission medium offers a combination of wide bandwidth and low-loss.
In high-capacity LAN applications, where distances are relatively short, the extremely low
propagation loss of fiber is not the main advantage of fiber. Fiber high bandwidth, mea-
sured in tens of terahertz is the most important advantage of this medium. Construction
of multiple access networks carrying a total traffic of perhaps 5 x 10? Gb/s is conceivable.
Today, of course we are far from realizing this potential. The fundamental processes that
limit the network performance have not been fully elucidated, and the devices likely to be
required do not yet exist. The fiber can not be simply substituted in place of copper to up-
grade the capacity of a wire-based LAN; there are great differences between photonic and

clectronic regimes. Compared with copper networks, fiber-based systems are characterized

by:
(1.) Severely limited signal power
(2.) Abundant transmission bandwidth

Two basic problems in lightwave LANs is arising from these two characteristics. The



power problem and electronic bottleneck. The severity of the power division problem is a
strong function of network topology. The most common toplogics for local networks are

the ring, bus and star.

2.2.1 Ring Topology

Typically, the ring structure consists of a closed loop of point-to-point links. Such a
configuration with point-to-point links (signal regencration at cach node) suffers from no
power division problems. However, in a ring structure with no optical regencration at cach
node, the usable bandwidth is necessarily limited to the cletronic processing capability of
a single node, i.e., roughly 1 Gb/s or less. This situation is clectronic bottlencck. A more
significant disadvantage of the ring topology is that, if a subsct of users wish to operate at
very high data rates, all others must be able to operate at similar rates. This requirement

is unattractive economically for users interested in low bit rate applications.

2.2.2 Star Topology

The function of passive star coupler is to accept signals from all the transmitters
simultaneously and broadcast them to all receivers. Thus, cach receiver has access to all

transmitted signals and selects out the messages intended for him.

Assume that signal power P is available from each of the N transmitters and that the
fibers are lossless. The star coupler uniformly distributes these signals across its N output

fibers, so that each one delivers to its receiver a contribution P/N from cach transmitter.

2.2.3 Bus Topology

In a unidirectional bus each user injects signal into the so called talk side of the bus,

via directional couplers. These signals are distributed to the receivers on other side of



bus called listen side, via a sccond set of couplers. Obviously, a true network would need
two such buscs, one for each direction. The power division issue would be the same for
cach bus, so we consider only one. In an n—user network with ideal couplers to inject and
broadcast the optical signals, only WE; useful power is delivered to each receiver. This is
due to the fact that the sum of the fraction of powers coupled to each coupler output is
less than 1. Since this signal must then be distributed among N receivers, it is attenuated

by 4 , resulting in an overall transmitter-to-receiver attenuation of ng

The disadvantage of the bus topology, namely; poor energy efficiency, can be over-
come with a suitable optical amplifier to compensate for the high signal attenuation in
the network. However, there are two characteristics of an optical amplifier that limit its

usefulness in LAN applications: maximum output power and internal noise generation.

2.3 Optical Network Devices

In this section, we review some optical devices for networks and we express the relative

advantages and disadvantages of these components.

2.3.1 Light Sources

Esscntially, there are two devices commonly used to generate light for fiber optic com-
munications systems. Light-Emitting Diodes (LEDs) and Injection Laser Diodes (ILDs).
Both devices have advantages and disadvantages and selection of one device over the other

is determined by system requirements.

Light-Emitting Diodes

A light-emitting diode (LED) is simply a P-N junction diode. It is usually made
from a semiconductor material such as Aluminum Gallium Arsenide (AlGaAs) or Gallium

Arsenide Phosphide (GaAsP). LEDs emit light by spontaneous emission; light is emitted

9



as a result of the recombination of electrons and holes.

Injection Laser Diode

The word laser is an acronym for Light Amplification by Stimulated Emission of Ra-
diation. Lasers are constructed from many different materials, including gases, liquids, and
solids, although the type used most often for fiber optic communications is semicondnctor
laser. The ILD is similar to LED. In fact, below a certain threshold current an ILD acts

like an LED. Above the threshold current, an ILD oscillates and lasing occurs.

The construction of an ILD is similar to that of an LED except that the ends are
highly polished. The mirror-like ends trap the photons in the active region and, as they
reflect back and forth, they stimulate free electrons to recornbine with holes at a higher-

than-normal energy level. This process is called lasing.

Tn the following, we summarize the advantages and disadvantages of ILDs over LEDs:
Advantages of ILDs

(1.) Because ILDs have a more direct radiation pattern, it is casier to couple their light

into an optical fiber. This reduces the coupling losses and allows smaller fibers to be

used.

(2.) The radiant output power from an ILD is greater than that of an LED. A typical
output power for an ILD is 5mW (7dBm) and 0.5mW (—3dBn) for LEDs. This allows
ILDs to provide a higher drive power.

(3.) ILDs can be used at higher bit rates than LEDs.

(4.) ILDs generate monochromatic light, which reduces chromatic or wavelength disper-

sion.

10



Disadvantages of ILDs

(1.) ILDs arc typically by an order of 10 times more expensive than LEDs.

(2.) Because ILDs operate at higer powers, they typically have a much shorter lifetime

than LEDs.

(3.) ILDs are more temperature dependent than LEDs.

The most important relevant disadvantage of lasers is that they are much more non-

lincar than LEDs. The nonlinear characteristics of injection lasers have been extensively

investigated. We briefly summarize some of the important results.

Nonlinearity Modcling

(1)

(2)

Static Nonlinearity

A memoryless nonlinearity [43] is the simplest model for a laser diode, but it is valid
only for a very restricted operating condition. A memoryless nonlinearity can be
observed directly from the light-versus-bias (L — I) curve, or its slope dL/dI. The
optical power ratio of a second order nonlinear distortion term to the fundamental
carrier is proportional to (d?L/dI?); the optical power ratio of a third order nonlinear

distortion and a fundamental carrier is proportional to (¢*L/dI®) [44].

Intrinisic Dynamic Nonlinearity

In addition to a static nonlinearity, a semiconductor laser exhibits a dynamic nonlin-
carity that is intrinsic to the nonlinear photon-electron interaction mechnanism. Using
a small-signal analysis of the laser rate equations, Lau and Yariv [41] first showed that
the calculated two-tone third order IMD from a GaAs laser matches well with exper-
imental data. Their results were later extended to InGaAsP lasers [10]. Although

the closed-form analysis is restricted to two closely spaced microwave carriers, the
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result shows clearly the frequency-dependent nonlinear characteristics. Their analysis
shows that the nonlinear distortions become larger when the modulating frequencies

are closer to the resonance frequency.

2.3.2 Optical Fibers

Essentially, there are three types of optical fiber configurations: single-mode step

index, multimode step-index, and multimode graded-index.

(1)

(2.)

Single-mode Step-Index Fiber

This fiber has a core that is sufficiently small so that there is essentially only one path

that light may take as it propagates.

Multimode Step-Index Fiber

This fiber is similar to the single-mode configuration except that the core is much
larger. This type of fiber has a larger light-to-fiber aperture and, consequently, allows
more light to enter the cable. Hence, this kind of fiber is suitable for usc in systems

that utilize a LED as light source.

Multimode Graded-Index Fiber

This fiber is characterized by a central core that has a nonuniform refractive index;
it is maximum at the center and decrcases gradually toward the outer cdge. As
the light rays propagate down the fiber, the light rays that travel in the outcrmost
area of the fiber travel a greater distance than the rays travelling ncar the center.
Because the refractive index decreases with distance from the center and the veloeity
is inversely proportional to the refractive index, the light rays traveling farthest from
the center propagate at a higher velocity. Consequently, they take approximately the

same amount of time to travel the length of the fiber.

Before comparing these fibers, we explain the modal dispersion phenomenon.
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Modal Dispersion

Modal dispersion, or pulse spreading, is caused by the difference in the propagation
times of light rays that take diffcrent paths down a fiber. Obviously, modal dispersion
c¢an oceur only in multimode fibers. It can be reduced considerably by using graded index

fibers and almost climinated by using single-mode step-index fibers.

Comparison of Three Optical Fibers

Single-Mode Step-Index Fiber

Advantages

(1.} There is minimum dispersion. Because all rays propagating down the fiber take ap-
proximately the same path, they take approximately the same amount of time to travel
down the cable. Consequently, a pulse of light entering the cable can be reproduced

at the receiving end, accurately.

(2.) Because of the high accuracy in reproducing transmitted pulses at the receive end,
larger bandwidths and higher information transmission rates are possible with single-

mode step-index fibers than with other types of fibers.

Disadvantages

(1.} Becausc the central core is very small, it is difficult to couple light into and out of this

type of fiber. The source-to-fiber aperture is the smallest of all the fiber types.

(2.) Again, because of the small central core, a highly directive light source such as a laser

is required to couple light into a single-mode step-index fiber.

(3.} Single-mode step-index fibers are expensive and difficult to manufacture.
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Multimode Step-Index Fiber

Advantages
(1.) Multimode step-index fibers are inexpensive and simple to manufacture.

(2.) It is easy to couple light into and out of thesc fibers; they have a relatively large

source-to-fiber aperture.

Disadvantages

(1) Light rays take many different paths down the fiber with large differences in their
propagation times. Because of this, rays traveling down this type of fiber have a
tendency to spread out. Consequently, a pulse of light propagating down a multimode

step-index fiber is distorted more than in the other two types of fibers.

(2.) Bandwidth and rate of information transfer possible with this type of cable are cach

less than with the other types.

Multimode Graded-Index Fiber

Essentially, there are no outstanding advantages or disadvantages when it comes to this
type of fiber. Multimode graded-index fibers are easicr to couple light into and out, of than
single-mode step-index fibers but more difficult than with multimode step-index fibers.
Distortion due to multiple propagation paths is greater than in single-mode step-index
fibers but less than in multimode step-index fibers. Graded-index fibers arc casicr to man-
ufacture than single-mode step-index fibers but more difficult than multimode step-index
fibers. The multimode graded-index fiber is considcred an intermediate fiber cornpared to

other types.
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2. Light Detectors

There are two devices that are commonly used for detecting light energy in fiber
optic communications reccivers; Positive-Intrinsic-Negative (PIN) diodes and Avalanche

Photodiodes (APDs).

PIN Diodes

A PIN diode is a depletion-layer photodiode and is probably the most common device
used as a light detector in fiber optic communications systems. Basically, a PIN photodiode
opcrates just opposite of an LED. Most of the photons are absorbed by electrons in the
valence band of the intrinsic material. When photons are absorbed, they add sufficient

cnergy to generate carriers and allow current to flow through the device.

Avalanche Photodiodes

An APD is a pipn structure. Light enters the diode and is absorbed by the thin,
heavily doped n-layer. This causes a high electric field intensity to be developed across
the i-p-n junction. The high rcverse-biased field intensity causes impact ionization to
occur ncar the breakdown voltage of the junction. During impact ionization, a carrier
gains sufficient energy to ionize other bounded electrons. These ionized carriers, in turn,
cause more ionizations to occur. The process continues like an avalanche and is, effectively,
ecquivalent to an internal gain or carrier multiplication. The most important characteristics

of light detectors are:

(1.) Responsivity

This is a measure of the conversion efficiency of a photodector. It is the ratio of the
output current of a photodiode to the input optical power and has the unit of am-

peres/watt. Responsivity is generally given for a particular wavelength or frequency.
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(2.) Dark current

This is the leakage current that flows through a photodiode with no light input. Dark

current is caused by thermally generated carriers in the diode.

(3.) Transit time

This is the time it takes a light-induced carricr to travel across the depletion arca. This

parameter determines the maximum bit rate possible with a particular photodiode.

(4.) Spectral response

This parameter determines the range or system length that can be achieved for a
given wavelength. Generally, relative spectral response is graphed as a function of

wavelength or frequency.

APDs compared to PIN diodes are more sensitive and require less additional am-
plification. The disadvantages of APDs are relatively long transit times and additional
internally generated noise due the avalanche multiplication factor. They arc also more
nonlinear than PINs. We discuss this subject in design considerations of SCM schemes in

the next section.

2.4 Design Considerations of SCM Lightwave Systems

Radio-frequency or microwave Subcarrier Multiplexing (SCM) has rceently emerged
as a potentially important multiplexing technique for future high-capacity lightwave sys-
tems. The terminology “subcarrier multiplexing” should be understood to encompass the
multiplexing of both multichannel analog and/or digital signals. A number of baseband
analog or digital signals are first frequency-division multiplexed by using local oscillators
(LO’s) of different radio frequencies. The upconverted signals arc then corbined to drive
a high-speed light source (typically a laser diode}). The LO frequencics arc the so-called

subcarriers in contrast to the optical carrier frequencies. At the receiver site, a user can re-
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ceive any one of the FDM channels by tuning a local oscillator and downconvert the RF or
microwave signals to baseband or IF frequencies, similar to the way we tune in radio or TV
channels in radio systems. SCM systems have an advantage over time-division-multiplexed
(TDM) bascband digital lightwave systems in that services carried by different subcarriers
arc independent of each other, and require no synchronization. In addition, SCM systems
arc presently still more cost-cffective than high-capacity TDM lightwave systems-which is

an attractive feature for near term deployment in broad-band subscriber loop systems.

In this section, we discuss the degradation due to laser-nonlinearity which limits the
performance of these systems. We describe the APD nonlinearity and a phenomenon called

beat-noise and we suggest solutions against this kind of noise.

Nonlinear Distortions

Harmonic and Intermodulation Distortions (IMD): For multichannel signals trans-
mission through a nonlinear device such as a laser diode, second order IMD (A — B or
A + B type where A and B stand for two arbitrary RF signals) are the dominant second
order nonlinear distortions, and triple beat products specially A+ B —C type, which occurs
within signal bands most frequently are the dominant third order nonlinear distortions.
Also, the number of two-tone third order IMD (24 — B) increases as N(N — 1). The
number of triple beat products increases as MN—_;MV—_—Q Therefore, triple beat nonlin-
car products are always the dominant third order nonlinear distortion products for large
numbers of channels (n > 7). For RF and microwave signals occupying a bandwidth of
more than one octave, the second order nonlinear distortions must be taken into account.

Otherwise, only third order nonlinear distortions have to be considered.

If the RF /microwave carriers are totally uncorrelated and the total driving power is
kept constant as the number of channels increases to N, the Optical Modulation Index
(OMI) per channel must be decreased by a factor of —\/% Therefore, the received carrier
power for each channel is decreased by 7{,— For a large number of channels, the dominant,

third order nonlinear distortions is of the A+ B — C type, the power of which decreases
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by a factor ﬁl—g'; the dominant sccond order nonlinear distortions is of the A+ B type,
whose power decreases by a factor of 7\37 On the other hand, the nmumnber of beat products
increases: for the channel suffering the highest A + B — C type IMD which occurs at a
midband channel, the number of IMD products that fall into that channel is inereased to
< (%) - N2 [45], [46]. For the channel suffering the highest A— B type IMD which oceurs at
the lower band edge, the number of IMD products that fall into that channcl is inereased
to < N. Therefore, the final power ratio of carrier to A+ B — C type IMD, C/IM a4 5-c,
is changed by a factor {(%)/((7s) - 3 - N?), which is a constant, and the final power ratio
of carrier to A — B type IMD, C/IM; is changed by a factor of (%) / ((—f;}g) - N) which is
also a constant. Hence, we can sec that as long as the driving power is kept constant, the
difference of C/IMD both for a small number of channecls N 2> 7 and for a large number

of channels is small.

APD Nonlinearity: Due to the sharp increasc of the avalanche gain with increasing
bias voltage, an APD recciver usually exhibits nonlincar distortions at cither high optical

power, or in the high gain region.

At this point, we address a phenomenon called beat-noise. SCM systems with multiple
lasers can cxperience impairments when the wavelengths of two lasers drift to within an RF
bandwidth of each other [39]. This problem can be avoided by keeping the laser wavelengths
well separated or by using stable lascrs. Of course, LEDs don’t cause this problem because
of their short-coherent length. Reference [22] suggests using short-coherence scif-pulsating
lasers. Their linewidth is in the order of 2 nm. This minimizes optical beat noise, which
has been shown to limit subcarrier networks using conventional, high-cohcrence lasers
[38]. They also statc that short-cohcrence lasers allow the use of low-cost multimode fiber

components without concern for modal noise generation.

Now, having pointed te some problem areas in realizing SCM lightwave systems; in

the next chapter, we introduce the CDMA scheme.
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Chapter 3

Spread Spectrum in a Multiuser Network

3.1 Overview and Introduction to DS/SSMA System

Many rcal-world communications channels are accurately modeled as stationary
Additive White Gaussian Noise (AWGN) channels. Therefore, most of the modula-
tion/demodulation techniques have been designed to communicate digital information from
one place to another as efficiently as possible in a stationary white Gaussian noise (AWGN)
environment. The transmitted signals are selected to be relatively efficient in their use of
communication resources, namely; power and bandwidth. Modulations are designed to
yield minirmum bit error probability for the given transmitted signal in AWGN. Quanta-
tive comparisons arc made using the bandwidth and the E, /N, required at the receiver to

achieve a specified bit error probability.

There are some other important channels which do not fit the AWGN model. Consider,
for example, when there are multiple propagation paths between a transmitter and a
receiver. The receiver interferes with itself via a delayed reception of its own signal. This
phenomenon is called multiple reception and is a problem in microwave digital radios such
as those used for long-haul telephone transmission and in urban mobile radio, among other

places. The interference in these cases can not be modeled as a stationary AWGN.

Another type of interference which does not fit this model occurs when in a Frequency
Subcarrier Multiplexing Optical Local Area Network (LAN) several data modulated sub-
carriers intensity modulate a light source like a laser which introduces intermodulation

products (IMPs) interfering with original signals.

Sprcad spectrum techniques can be used to overcome the effects of the described
types of interference. The technique is called spread-spectrum because the transmission

bandwidth employed is much greater than the minimum bandwidth required to transmit
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the digital information. To be classified under a sprcad-speetrum system, the modulator

and the demodulator must have the following characteristics:

1.) Transmitted signal energy must occupy a bandwidth which is larger than the infor-
Y 8
mation bit rate (usually much larger) and which is independent of the information bit

rate.

(2.) Demodulation must be accomplished, in part, by corrclation of the reccived signal

with a replica of the signal used in the transmitter to spread the information signal.

Spread-spectrum techniques can be very useful in solving a wide range of commu-
nications problems. To be specific, spread spectrum signals are used for the purpose of
(1) suppressing the effect of interference due to jamming, interference arising from other
users of channel, and self-interference due to multipath propagation, (2) hiding a signal by
transmitting it at a low power and making it difficult for an unintended listener to detect
it in presence of background noise, and (3) achieving message privacy in presenee of other

listeners.

The amount of performance improvement achieved through the use of spread spectrum
is defined as the processing gain of the spread spectrum system. Processing gain is the
gain difference between system performance with spread-spectrum techniques and system
performance without spread-spectrum techniques, all elsc being cqual.  An often used
approximation for processing gain is the ratio of spread bandwidth to the information
rate. That is, the bandwidth expansion factor B, = W/R, where the spread spectrum
signal bandwidth W is much greater than the information rate It in bits per sccond. The
large redundancy inherent in spread spectrum signals is required to overcome the sever

levels of interference.

As we have mentioned before, one of the most important impairments in frequency-
subcarrier multiplexing optical systems is interference of IMPs - caused by laser nonlincar-
ity - with main data-modulated signals. In scction 3.3, we will show how spread spectrum

can be used to overcome this problem.
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Before getting into any further details in section 3.3, we introduce a class of techniques
known as code-division multiple access (CDMA). The CDMA techniques are those methods
in which the multiple-access capability is due primarily to coding. In these techniques all

uscrs are sharing the same channel bandwidth.

Interference from other users arises in multiple-access communications systems in
which a number of users share a common channel bandwidth. At any given time, a subset
of these users may transmit information simultaneously over the common channel to cor-
responding receivers. Assuming that all users employ the same code for the encoding and
decoding of their respective information sequences, the transmitted signals in this com-
mon spectrum may be distinguished by superimposing a different pseudo-random pattern,
also called a code, on each transmitted signal. Thus, a particular receiver can recover
the transmitted information intended for it by knowing the pseudo-random pattern, i.e.,
the key, used by the corresponding transmitter. This type of communication technique
which allows multiple users to simultaneously use a common channel for transmission of

information, is called code division multiple access (CDMA).

The most common form of CDMA is Direct-Sequence Spread-Spectrum Multiple Ac-
cess (DS/SSMA) in which each user is assigned a particular code sequence modulating the
carricr along with the digital data. The DS/SSMA techniques are characterized by the
use of a high ratc code (i.e., many code symbols per data symbol) having the effect of

spreading the bandwidth of data signal. The two most common forms of SSMA are:
(1.) Phase-coded SSMA (also known as direct-sequence spread-spectrum)
(2.) Frequency-hopped SSMA

We are concerned only with direct-sequence spread-spectrum in this work.
Direct-Sequence Spread-Spectrum

One method of spreading the spectrum of a data-modulated signal is to modulate the
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signal a second time using a very wideband spreading signal. This sccond modulation is
usually some form of digital phase modulation, although analog amplitude or phase mod-
ulation is conceptually possible. The spreading signal is chosen to have propertics which
facilitate demodulation of the transmitted signal by the intended receiver, and which make
demodulation by an unintended receiver as difficult as possible. These same properties will
also make it possible for the intended receiver to discriminate between a communication

signal and a jamming signal.

Bandwidth spreading by direct modulation of a data-modulated carrier by a wideband
spreading signal or code is called direct-sequence (DS) spread spectrum. Other types of
spread spectrum systems exist in which the spreading code is used to control the frequency
or time of the data-modulated carrier. Thus, indirectly modulating the data-modulated

carrier by a spreading code.

Direct sequence spread spectrum utilizes the most common form of spread spectrnm.
As we stated earlier, it employs digital phase modulation as the spreading modulation
and that is why DS spread-spectrum is also known as phase-coded SSMA. In phasc-coded

SSMA the carrier is phase-modulated by the digital data sequence and the code sequence.

Direct sequence spread spectrum multiple access technique, shown in Fig. 3.1, is
probably the most common form of spread spectrum modulation. Here, the carrier is

phase modulated by the information data bit stream and the code sequence
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In order to understand how a spread-spectrum multiple access system operates, it is

necessary to know the required properties of the direct sequence codes. Therefore, in the

next section we introduce these code parameters and properties.
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3.2 Direct Sequence Codes for CDMA Applications

3.2.1 Direct Sequence Code Parameters

Spread-spectrum communications systems require scts of signals which have the fol-

lowing two properties:
(1.) each signal in the set is easy to distinguish from a time-shifted version of itself;

(2.) each signal in the set is easy to distinguish from a possibly time-shifted version of

every other signal in the set.

The signals employed in these systems are periodic. This is primarily because of the
simplifications in system implementation that typically results from the use of periodic
signals. The signals of interest for this particular application arc periodic signals which
consist of sequences of time-limited pulses. These pulses are all of the same shape, so that

the signal can be written as

+ 0

z(t)= > zaPr(t—nT.) (3.1)

n=—c0

where Pr_(t) is a unit amplitude rectangular pulsc and T¢ is the time duration of this
pulse. If z(t) = z(t + T) for all ¢, then T must be a multiple of T, and the seqicnee
(z,,) must be periodic with a period which is a divisor of T/T... Supposc x(t) and y(t) arc
periodic signals, as described above. One of the most common and maost uselhul measures
of distinguishability between two signals is the mean-squarc difference. For our purpose,
two signals z(t) and y(t) are easy to distinguish if and only if the mean-squared differences
between them is large, and we will require not only that z(t) is casy to distinguish from
y(t) but also that —z(t) is easy to distinguish from y(t). Both +-x(t) and —=z(t) must be
considered because modulation processes are involved. Thus the measure of distingnishing
is

T
-1 /0 fy(t) = z(0)ds
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_ 7 { /0 () = 22(0)ds + 2 /0 ") v dt} (3.2)

The first integral on the right-hand side of eq.(3.2) is the energy in z(t), 0 < ¢ < T, plus
the energy in y(t), 0 < ¢ < T. Thus for a fixed signal energy, y(t) is easy to distinguish
fromn both +xz(t) and —z(t) if and only if the magnitude of the quantity

T
re fo =(t) y(8) dt (3.3)

is small.
Now, if z(¢) has the form of eq.(3.1) and y(t) is given by

+-00
y(t) = Z ynPTc(t - nTc) (34)

n=—0cc

It is easy to show that parameter r of (3.3) is given by

N1
r=Tc) Tnn (3.5)

n=0

In general, according to eq. (3.5), the inner product of the continuous time periodic
signals z(t) and y(t) is proportional to the inner product of the corresponding vectors

(20,1, TN—1) and (Yo, Y1, ..., yn~1}. Furthermore, if r = IT,, eq. (3.5) generalizes to

N-1
rey(T) =T¢ Z In Yn+l (3.6)

n=0

The above discussion motivates the consideration of the periodic crosscorrelation func-

tion for sequences {z,,) and (y,) which is defined by

N-1
Oy (D) = Z TnYntl (8.7)

n=0

From cq. (3.6) we see that ry (1) = Tef;4(l) whenever 7 = IT,. In addition, for
arbitrary values of T, 75,4 (7) can be determined from the periodic crosscorrelation function.

For instance, for 0 <7 < T,

rry(7) = T¢ gr.y(y) + (7 - ich)[gm,y(ll +1) = 8,4 (1)] (3.8)
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where I’ is the largest integer such that I'T, < 7.

Since the periodic crosscorrelation parameters for the continuous-time signals z(t) and
y(t) of egs. (3.1} and (3.4) are compeletly determined by the crosscorrelation funetion,
the signal requirements described at the beginning of this scction reduce to the problem

of haviug sets of periodic sequences with the following two propertics:
(1.) for each sequence = z(n) in the sct, |8, -({)] is small for 1 <I< N - 1.
(2.) for each pair of sequences z = z{n) and y = y(n), |0z, (1) is small for all L.

In spread-spectrum communications, aperiodic corrclation parameters for sequenees

in addition to the periodic correlation parameters are of particular interest.

In the following, we mention the aperiodic and periodic propertics of pseudorandom
and related sequences. The particular correlation paramecters considered arc those that-

are motivated by applications in spread-spectrum and code-division multiple-nceess com-

munications areas.

In much of the literature on periodic sequences, the terms pseudorandomn sequences,
pseudonoise (PN) sequence, and maximal-length lincar feedback shift-register sequence
(m-sequence) are used synonymously. However, recently the term pseudorandom seguence
or pseudonoise sequence has been employed as gencric name for sequences from some
imprecisely defined large class that includes certain non-maximal-length linear feedback

shift-register sequences in addition to the m-scquences.

Before discussing the different properties of several classes of periodic sequences such
as m-sequences and some nonmaximal-length linear feedback shift-register sequences like
Gold and Kasami sequences, we first define the periodic and aperiodic correlation functions

(autocorrelation aud crosscorrelation) for general sequences.

We note that in our analysis, all PN scquences with clements {0, 1} represented by
a sequence o can be mapped into corresponding PN scquences with clements {-1,+1}

represented by a sequence a. In practice, the spreading is achieved if the information data
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bits and the code sequence have clements {0, 1}, by adding each data bit modulo-2 to
every chip in a full PN sequence. Conversely, if the data bits and the PN sequence have
clements {—1, 1}, spreading is carried out by multiplying the chips by the data bit. This
distinction will help to clarify the various notations used for denoting the PN sequence in

this chapter.

Assume z,y and z denote scquences with length N where z = (Zoy L1y -y TN=1)-
The inner product < z,y > of two vectors z and y is defined by < z,y >= Zo¥yo +
1Y) + ... + TN 1N -1. Note that, < z,z > is a positive number for all nonzero vectors.
Let T denote the operator which shifts vectors cyclically to the left by one place that is
Tx = (Z1,T2, .., TN-1,%0). 1f T is applied & times to , the result is TFz. We see that
T*r = Lk, Lkl oy EN—1,Toy T1, -y Th—1) for 0 < k < N, while TNz = z. For larger
valucs of k, TFz = Tk 1 where k' = k mod N. Similarly the operator 7! shifts vectors
cyclically to the right by one place, and it is easy to see that T~%z =TV krfor0 < k < N,
and T~V = z. We also have that |[T%z|| = ||z{ and Y.(T*z) = 3_z. The period of z is
defined to be the least positive integer M such that TMz = z. Although T'z # Tz for
0<i< §< M, the vectors z, Tz, T2z, ..., TN~z are cyclically equivalent; that is, they
are cyclic shifts of cach other. The sequences z, Tz, T2z, ..., TN !z are called phases of

z; they are generated by cyclically equivalent vectors.

For veetors z and y of length N we define the periodic crosscorrelation function 6z,,(.)

by
Oz () =< z,T'y >, lez (3.9)

It is casy to verify that for each ! € 2

0,y() = 0z 5 (L+ N) (3.10)

and

Oz (=) = Oy (1) (3.11)

The periodic autocorrelation function 8;(.) for the sequence x is just r 2(.). Notice
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that, 6(0) =< z,z > and for cach [ € z, 0:(1) = 6. (1 + N}, 8(=1) = 6.(1), and also
620D} < [l2]|* =< 2,z >= 6.(0). (3.12)
At times, an alternative notation 8(z, y)(.) is used for 8; 4(.).

6. and 8, denote the peak cross-correlation magnitude and the peak out-of-phasc

autocorrelation magnitude respectively, so that

6. = maz{|fz,()] : 0SILEN-1, T # y} (3.13)

and

B = maz{l0:(1)] : 1<I<N -1} (3.14)

B,max i the maximum correlation function defined by
Omaz = maz{ba,0:}

So far, we have mentioned only the periodic crosscorrelation properties of the code se-
quences, however, the need for considering aperiodic crosscorrelation propertics in order
to analyze an asynchronous phase-coded spread speetrum multiple access (SSMA) systemn
performance can not be avoided. We also mention that, one of the most desirable fea-
tures of a direct sequence SSMA system is its asynchronous multiple access capability.
Therefore, in the following we discuss some of the aperiodic crosscorrelation propertics of

sequences which are relevent to our work.

Assume ax(t) is a code sequence waveform which consists of a periodic sequence of
unit amplitude, positive and negative, rectangular pulscs of duration T,. If af is the
corresponding sequence of elements of {+1, —1}, then we write cx(t) as

+o0
a(t)= > af Pr(t—iTe) (3.15)
j=—co
where Pr_(t) for 0 < t < T. and Pr,(t) = 0, otherwise. It is assumed that the Kth

code sequence c;? has a period N = T/T,. Now, let a;(t) and a;(t) be two different code
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wavelorms as described above, then, the continuous-time partial cross-correlation functions

Ry :{.) and fik,,-(.) are defined as
Rea(r) = f ot — T)as()dt
0

T
Rustr) = [ oult = mastt)a (3.16)

for 0 < r < T. It is easy to sce that for 0 < T, < 7 < (I + 1)T. < T, these two

cross-correlation functions can be written as

Rk’i('r) = Ck'i(l - N)T, + [Ck,i(l +1- N) - Ck,i(l — N)](T —IT,) (317)

and
Ryei(r) = Cri()T. + [Cri(l + 1) = Cra(D)(r = IT0) (3.18)
where the diserete aperiodic cross-correlation function Cy; for the sequences (ag-k)) and
(a;i)) is defined by
N—1— (k) ()
S Tt 6, 0<I<N-1
Crilh) = 2N al® 6, 1-N<i<0 (3.19)
0. ]| =N
Since the term,
1 [T .
V= 7 Z/ R% (1) + Rﬁﬂ-(r)d'r
k=10
k#i
K N=1 40T, 3 (3.20)
=2 2 RPi(r) + Ri y(r)dr
k=1
ki

appears in the variance of the noise component of the output of the it* receiver in our
proposed Local Area Network (LAN) we find an appropriate expression for such a term.
We substitute for Rei(r) and Ri () from egs. (3.17) and (3.18) into (3.20). Upon

evaluation of the resulting integral we find that
V= —(Z Tk,q) (3.21)
k-,l‘-t
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where
N-1

rhi= 9. {Ci,i(l = N)+ Crall = N)Crall = N + 1)
=0

+CR U= N+1)+CE )+ Cris(DCr: L+ 1) + Cri(l+ 1)}

This last expression can be written in terms of the crosscorrelation p :(1) which arc

defined by

;U'k,i(n) = 2_: C’k,,-(E)C'kJ-(l + n) {3.22)
=1-N

Notice that;

N-1

12k, (0) = Z CR:l) = Zcm--mwk,()

e-.

N-1
= Z CZU—-N+1)+CP(l+1)
=0

and

N=1
pei(L) = Y Crill) Crall+1)
1=1-N
Z Croi(l = N) Ci(l = N + 1) 4 Cri(l) Cri(l+ 1)
Therefore,
Thi = 24k,i{0) + fir,s (1)
and

3N3 Z[ziik 2(0 + Lk, 1(1)]

k»,f!.

Finally, we should mention a preliminary system design can be done based on the

following approximation [28]:
2tk (0) + pug i(1) = 2N°

consequently;
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T2 5 2 T°
V ~ WKK - 1)2N = E(K - 1)7\7— (323)

3.2.2 Properties of m-Sequences

The sequences that have received the most attention in the literature are the binary
maximal-length lincar feedback shift-register sequences which we refer to as m-sequences.
As the name suggests these are precisely the sequences of maximum possible period N =
2" — 1 from an n-stage binary shift-register with linear feedback. In this section, we shall
restrict our attention to binary sequences. This is primarily because binary sequences are
cmployed in our application. In addition, the restriction to binary sequences simplifies
much of the discussion in this section. Let h(z) = hoz™+h12"~ + ...+ hn—12+ h, denote
a binary polynomial of degree n where hg = h, = 1 and the other hls take on values 0 and

1. A binary sequence u is said to be a sequence generated by h(n) if for all integers j

ho’u.j & hluj_l 4] hguj_g &.... B hn’LLj_n =0 (324)

Here @ denotes addition modulo 2 (i.e., the EXCLUSIVE-OR operation). Replacing
j by j+ ninecq. (3.24), and using the fact that hp = 1, we obtain

From this, it follows that the sequence u can be generated by an n-stage binary
lincar feedback shift register. For example, the shift register in Fig. 3.2 corresponds to

W) =25+t + 2+ 22 + 1.
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Fig. 3.2. Maximal Length Sequence Generator

An nt*-order polynomial h(z) is irreducible if it is not divisible by any polynomial
of degree less than n but greater than 0. The period of sequence u generated by the
polynomial h(z) is at most N = 2™ — 1. If A(x) is an irreducible polynomial of degree n,
sequence u has this maximal period N = 2" — 1 and is called an m-scquenee and h(x) is

called a primitive binary polynomial of degree n.

Some properties of m-sequences which are useful in their application to spread-spectrum

and relevant to our work are:
Property I. The period of an m-sequence u is N = 2" — 1.

Property 1. There are exactly N nonzero sequences gencrated by A(x), and they are just

the N different phases of u; namely u, Tu, T?u, ..., TV ~u.
Property III. Given distinct integers ¢ and j, 0 < 4,j < N, there Is a unique integer k,
distinct from both 4 and j, such that 0 < k < N and

Tiu® Tou = TFu
where this property is known as the shift-and-add property.
Property IV. A maximal-length sequence contains one more “onc” than “scro”. The number
of ones in the sequence which is called wt(u) is 3(N + 1)

wt(u) = 2" = (N + 1)

[
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Property V. The periodic autocorrelation function 6,(1) is two -valued and is given by

N, if l=0 mod N
eu(i):{

-1, if 1#0 mod N.

Property VI. Let u denote an m-sequence of period N = 2" — 1, generated by h(z) and ¢
denote a positive integer, and consider the sequence v formed by taking every gth bit of
u (i.c., v; = uy for all ). The sequence v is said to be a decimation by ¢ of u, and will
be denoted by ulg]. Then, if u[q] is not identically zero, u[g] has period N/gcd(N,g), and
is generated by the polynomial h{z) whose roots are the gth powers of the roots of h(z);

where ged(a, b) denote the greatest common divisor of the integers a and b.

Property VII. Let u and v denote m-sequences of period N = 2™ — 1. Many properties of
crosscorrelation function 8, (.) follow immediately from previous results in this chapter.

We have that 8, (1) = 8, + N) and [, ,(1)| < N for all I. Other results are:

N-1
> Ouu(l) =+1 (3.25)
=0
&
N-1
Y lBus(F =N+ N-1 (3.26)
=0

Another point is that a bound due to [30] implies that for at least one integer /,

0o ()] > —1 4 2172 (3.27)

Although we can find pairs of sequences for which the periodic crosscorrelation function
is rclatively small in magnitude, for our application which is code-division multiple-access
communications, large sets of sequences are needed. One pair of m-sequences which has
good crosscorrelation properties is the so called preferred pair. The crosscorrelation of

these pairs is three-valued and 8. for these pairs is small.
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Maximal Connected Sets of m-Sequences

A connected set of m-sequences is a collection of m-sequences which has the property
that each pair in the collection is a preferred pair. A largest possible connected set is called
a maximal connected set and the size of such a set is denoted by M,,. Listed in Table 3.1
are the values of M,, and the peak periodic crosscorrclation magnitudes t(n) for a maximal
connected set for 3 < n < 16. For purposes of comparison, Table 3.1 also lists the size of
the set of all m-sequences of each period, and the peak period crosscorrelation 6. for this

set.

Maximal connected sets of m-sequences are useful in those applications which require
only a few sequences with excellent crosscorrelation and autocorrclation properties. How-
ever, most applications such as spread-spectrum multiple-access communications, for ex-
ample require much larger sets of sequences. Unfortunately, large scts of m-sequences
generally have quite a poor crosscorrelation properties, and thus are inadequate for such
applications. It is therefore desirable to obtain larger sets of scquences of period N = 27 —1
which have the same bound . on the peak periodic crosscorrelation as for maximal con-
nected sets. Since the larger sets like Gold and Kasami scquences must contain some

nonmaximal-length sequences, their peak periodic autocorrelation , must exceed 1.
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Number of 8. for set of
n N=2"-1 Im-Sequences all m-sequences M, t(n)
3 7 2 5 2 ]
4 15 2 9 0 9
] 31 6 11 3 9
6 63 6 23 2 17
7 127 18 41 6 17
8 255 16 95 0 33
9 511 48 113 2 33
10 1023 60 383 3 65
11 2047 176 287 4 65
12 4095 144 1407 0 129
13 8191 630 > 703 4 129
14 16383 756 > 5631 3 257
15 32767 1800 > 2047 2 257
16 65535 2048 > 4095 0 513
TABLE 3.1

Maximal-Length Sequence Design

We use a preferred pair of m-sequences in our experiment and in general it is often
necessary to design circuits that generate m-sequences having a particular number of stages.
Since finding the primitive polynomials used to generate these sequences is difficult, a
number of authors have generated tables of primitive polynomials for quick reference. In
particular, Peterson, ct al. [47] have an extensive table of polynomials in their Appendix
C. The use of this table is described here since it provides a large selection of primitive

polynomials which will be useful to the spread-spectrum system designer.

In the table, all polynomials are specified by an octal number which defines the co-
cfficients of h{zx). The table also defines some polynomials which are not primitive and

therefore will not yield a maximal-length sequence. An example entry in the table is

DEGREE 6 1 103F 3 127B 5 147H 7 111A
9 015 11 155E 21 007
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The letters E, F, and H mean the polynomials 103, 147, and 155 arc primitive while
A and B indicate nonprimitive polynomials. Now, suppose the m-scquence ¢ is generated
by the polynomial 103. Then u[3] that stands for a sequence formed by taking cvery
third bit of u ( u[3] is a decimation by 3 of u) is gencrated by the polynomial 127, ulb]
is generated by 147, etc. According to property VI, 2{3] has a pesiod 63/ged(63,3) = 21,
and thus is not an m-sequence; while u[5] has a period 63 and is an m-sequence. The
corresponding polynomials 127 and 147 are clearly indicated as nonprimitive and primitive,
respectively. The octal number gives the coefficients of h(x) beginning with kg on the right

and proceeding to h, in the last nonzero position on the lctt.

3.2.3 Gold Sequences

One important class of periodic sequences which provides larger scts of scquences with
good periodic crosscorrelation is the class of Gold scquences. A sct of Gold sequences of

period N = 2™ — 1 consists of N + 2 sequences for which
Oras = H(r)21 4 2LD/2]

where |y] denotes the integer part of the real number y. Thus, for instance, cach class of
129 Gold sequences of period 127 has a correlation bound of 17. In contrast, the largest
possible set of m-sequences of period 127 for which this bound holds contains only 6
sequences. Gold sequences have a three-valued correlation function taking on values from
{-1, —t(n), t(n) — 2}. A set of Gold sequences can be constructed from appropriately

selected m-sequences as described below.

Suppose a shift register polynomial f(z} factors into h(z)h(x) where h(z) and A(z) have
no factors in common. Then the set generated by f(x) is just the set of all sequences of the
form o @ 8 where o is generated by A{z) and § is gencrated by h(z). Now, supposc that
h(z) and h(z) are two different primitive binary polynomials of degree n that gencrate the
m-sequences u and v, respectively, of period N = 2™ — 1. If y denotes a nonzero sequence

generated by f(z) = h(z)h(z), then, from the above and property II of m- scquences, we
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get cither

y=Tu
or
y=ij
or
y=Tu®T v

where 0 < 4,7 < N — 1, and where, T'u @ T7v denotes the sequence whose kth element is
Uitk D Vj4k. From this, it follows that y is some phase of some sequence in the set G{u,v)
defined by

G(u,v)é{u,v,uea’fv,u@Tzv,...,ueaTN"lv}. (3.28)

Note that, G(u,v) contains N + 2 = 2" + 1 sequences of period N. It is not difficult to
show that if we have two sequences 3, and y» generated by f(z), then Ty & Ty, is some

phase of some scquences of this set. Since,
Ty @ Ty (3.29)

from (3.25) is equal to:

T (u®T"v) @ T (u® T?v)
= (Tu @ T'T"v) ® (T7u ® T/Ty)
= (T'u® T9u) @ (T*T"v & TIT™v)
= (T'u @ Tu) & (T v @ TV 20) (3.30)
and from property III of m-sequences:
Tu® Ty = Tru

thus, cq. {3.30) is equal to:
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Tru o TF v
—u@ T *v e G(u,v)

which is a phase of another sequence from the same polynomial. As we have stated carlier,
each sequence with elements {0, 1} represented by the sequence & = (aw, ..., ) is mapped
to a sequence with elements {1, -1} represented by the sequence a = (ao, ..., an) where
a;i = (=1)® for 0 < 7 < N — 1; then, adding modulo-2 of the scquences with elements
{0,1} corresponds to multiplying of the sequences with elements {1, —1}. Therefore, from
above, product of two Gold sequences with an arbitrary shift is still another Gold sequence
fromn the same set. In other words, shift-and-add property also holds for Gold sequences.
In our numerical computations we use a set of Gold sequences described in [29]. Therefore,

in the following we consider this example.

Example 3.1:

For n = 7, the polynomials 211 and 217 are a preferred pair of primitive polynomials.

Their product is the polynomial
flzy ="+ + D" + 22+ 22+ + 1)
="+ 2%+ 28 428+ o e a4

which is represented in octal by 41567, as illustrated in Fig. 3.3.
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b) Single Shift-Register Representation
Fig. 3.3. Gold Code Generation

According to Gold’s theorem, in this design, the corresponding shift register will gener-
ate 129 i.e., 27+ 1 different linear sequences of period length 127 ie., 27 — 1. The maximum
correlation value for this set of sequences is 17. The generated codes in this example have
three-valued autocorrelation function sidelobes and a three-valued crosscorrelation taking

on values from the set (-1,-17,15).

3.2.4 Kasami Sequences

Let n be even and let « denote an m-sequence of period N = 2" — 1 generated by h(z).
the sequence w = ul[s(n)] = u[2"/? 4 1. It follows from property VI that w is a sequence
of period 2*/2 — 1 which is generated by a polynomial of degree n/2, w is an m-sequence
of period 2*/2 — 1. Now, consider the sequences generated by the polynomial h(z)h’(z) of
degree 3n/2. Clearly, any such sequence must be of one of forms T%u, T9w, T'u @ T w, 0 <

i< 2"t 0< 4 <22~ 1 Thus, any sequence y of period 2™ — 1 generated by h(z)h!(z)
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is some phase of some sequence in the set A (z) defined by
FAY anf2 o
K(uw)={v,vow,udTw, .., u®T" “T“w}

This set of sequences is called the small sct of Kasami sequences. The correlation fune-
tions for sequences belonging to K,(w) take on values in the sct {—1, —s(n), s(n) — 2}.
Comnscquently, for the set K, (u),

Ornax = S(TL)

(3.31)
=14 2n/2

Notice that, Omaes for the set K, (u) is approximately one hz'fof the value of 6, acheived
by the sets of Gold sequences. On the other hand, K(u) contains only 2/2 = (N + 1)!/2

sequences, while the sets of Gold sequences contain N + 2 scquences.

Now, let hA(z) denote the primitive polynomial which geneartes the sequence v. As we
noted earlier, the polynomial h(z}h(z) generates the sct of Gold scquences G(u,v). All
sequences generated by f(z) = h(z)h(z)W (z) are of the form a @ b O ¢ where a,b and
¢ are generated by h{(z), h(z) and H'(z), respectively. The set of sequences of period N
generated by h(z)h(z)R'(z), is called the large set of Kasami sequences and is denoted by
K1 (u). This set contains both a small set of Kasami sequences and a set of Gold sequences
as subsets. More interestingly, the correlation bound 8y, = maz{f., 0.} = t(n) is the

same as that for the latter subset.

It is not difficult to see that shift-and-add property for both small and large sct of

Kasami sequences holds.
In our simulation, we have also used a small set of Kasami sequences of period 255,

therefore, we explain the design of these sequences as an example.

Example 3.2:

For n = 8 we can form the product of polynomial h(x) = z® + % + z* + 2% + 1 and

the polynomial ft(:L‘) = g% + 2 + 1 as illustrated in Fig. (3.4) to obtain the polynomial
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flz) = £+ 2"+ 27+ 2%+ 2% + 2" + 22 + 2 + 1 which is 11367 in octal. The 12-stage linear
foedback shift register corresponding to this polynomial generates a set of 16 sequences of

period 255 with a periodic correlation bound of 17.

This small class of Kasami scquences consists of the m-sequence o = a(j6) together with
all 2/2 — 1 sequences of the form a @ T30 for 0 £ 7 < on/2 — 2. where 3 is generated by
).

46?
Ujsq
a) Double Shift-Registers Representation
-1-—-| Ui Ujn Uisz Uj:3 b Ujia Ujs+5 ]<-|
Y Y.
N A WL TN T

b) Single Shift-Register Representation
Fig. 3.4. Kasami Code Generation
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3.3 Maximal-Length, Gold and Kasami Sequence Through Nonlin-
ear Systems

Let a;(t), a;(t) and ag(t) be three different code sequence wavetforms of the same period
length T dechned as in cq. (3.15). Assumce these code wavelorms are not synchronous, so
that a-(f) has the delay of 7 compared to ar(f) and ag(f) is delaved by 7 compared to

AL Y A A

a:(t) where 0 < 7,7y £ T,

The product of two waveforms ax(t) and a;(t) shown by aj ; Is a periodic waveform of the
same period T. The continuous-time partial crosscorrelation functions for this waveform

and a;(t) arc defined by

Ryji{T) = / ag; (t — T)ag(t)dt
0

.
Riji(1) =f g (t = T)a(t)dt (3.32)

Then:

. 2
Ery{Reji(7) + Rijalm)} =

1 1 . Y
—E{Rzl.i('r) + R21+1,i(7)} -+ EE{RIQ,i(T) + R—f+1,z'('r)}

where Ry ;(.), I?g_l-(.), Rip14() and Ripy () stand for continous-time partial cross-
correlation functions of two waveforms a;(t) and ai(t), or ai(t) and aip(8), where ai(t)

and a;41(#) are two sequence waveformns of the same sct as a;(¢).

In the following we prove the above statement. From Fig. 3.5 it is apparent that the
product of two code waveforms ax(t) and a;(t), shown by aj;(¢) is a periodic waveform of

the same period T,
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and it is not diffienlt to sce that

(TH0s(t) ak(t) mT.<t<mT.+ 7]

iy = (3.33)

(Tha;(t)) ax(t) mT.+71) <t < (m+ 1T,
where 0 < m < N — 1 is an integer, T stands for a circular shift to the right by [ and 7}
is defined so that 77 = 7p — T, where 0 € 77 € T, and [ is an integer. The corresponding
: . W (k
sequence of clements of {41, -1}, to sequence waveform (T a;(2)) ax(t) is (Tl"'lagfl)) o)
where af) = (a),al,...,aly_,) and ab?) = (ak,ak, ... a% _,) are corresponding sequences

to a;(t) and ag(t), respectively.

A
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R =‘ T-1
|

Fig. 3.5. Product of Two Scquence Waveforms

In section 3.1, we show that for Gold and Kasami sequences as well as maximal con-
nected set of m-sequences, shift-and-add property holds. Since the product of sequences
of clements {+1, -1} corresponds to modulo-2 addition of sequences of elements {0, 1},

(Ttal,}af, and (TH1al,)a, arc two sequences belonging to the same set of sequences as
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1 k o] 107, el a3 -
al, and a,. For simplicity, we denote:

(T'al) o, = o

3 ™
and

(T ad Yok =alt' m=0,1,...,N -1

m m

Obviously, the corresponding waveforms arc:

(T a;(1) ax(t) = @ (t)

and
(T a;() ax(t) = arp (t)
We point out that in a dircct-sequence SSMA communication systemn the &% data signal
bi.(t) which is a sequence of unit amplitude, positive and negative, rectangular pulses of
duration T’; are modulated onto the phasce-coded carrier erg(t), which is given by
crie(t) = /2p sin(wet + (7/2}ak (1))
= /2p ar(t)cos(w.t + O).
Thus, the transmitted signal for the & uscr is
sk(t) = /2p sin(w.t + 0k + (7/2)ar(t)be(t))

= /2p ap(t)br(t)cos(w.t + B)).

In the above expressions, 8 represents the phase of the kth carrier, we. represents the

common center frequency, and p represents the common signal power.

From above, we notice the sign of b;(¢t) may differ before and after 77, and correspond-

ingly the sign of a'x, (t) may be different before and after 7.

To substitute eq. (3.33) in cq. (3.32)} we have to consider two possible relationships
between 7 and 77, where 7 is the delay of o'y, (t) compared to a;(t). Fig. 3.6 shows the

first possible relation when 7+ 7y < T
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Fig. 3.6.  aj;(t) Compared to a;(t) Where 7+ 7; <T

In Fig. 3.6 5o denotes the sign of product of a;(t) and afg;(t) for 0 <t <7, s1 denotes

tforr<t<r4+rmand g forr+7 <t<T.

By substituting cq. (3.33) in ¢q. (3.32) when 7+ 77 < T, we get:

Riji(m) = So[ 1r(1 - a)ar{t — 1) a;(¢)dt + /T aai+1(t — T)a(t) dt]
0 0

T4+

T+T)
Riii(7) = 81 [/ (1 —a@)ai(t — 7)oy (t)dt + /; o+ (t ~ 'r)a,;(t)dt]

e

+ $2 [/l (1 —a)ai(t - T)a;(t) dt + / aay (t — 7)ar (t)dt]

T47y T471)

I
T
where o = TL

When 7+ 71 > T, from Fig. 3.7:
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Fig. 3.7. a}cj (t) Comparcd to «a;(t) Whore 7+ 79 > T

T =T 7 =T
Ryji(T) = 81 [/0 (1 - a)ay(t — m)a{t)dt + L g (t — 'r)(a.;(t)d!,}
+ 52 {‘/T (1—(1)ag(t—7)a¢(t)dt+/

.
a1 (t — T)a,i(f.)dr}
+r—T T

7 g
Rkj,i(’f‘) = 5p [/ (1 - a)ay(t — 7)a;(t)dt + / otuga (8 — T)(J.,‘,(t)(f,f;]

We notice sg, s1, and sg are independent and also Elso] = F[si] = £[sa] = 0. Thercfore,

for both cases,

E|Ryji(7) + Rija(7))?
T 2 T 2
= [/0 (1—-a)aft - T)a..,;(t)d.t} + [[ ag g (8 — 'r)u,i(f,)dt}

Jo
T 2 n 2
+ [/ (1 - wat— 'r)a.‘-(t)d.t} + [/ ey (t— 'r)ai(t)dt] (13.34)
- .
+ 2[/ (1 — a)a(t — 7)a(t)dt - f o1 (t — T)ai(t)dt]
0 0

It can be casily seen that:
”
/ a(t — ) (t)dt = [(1 — &’)0; 1 (n) + &' 1(n + 1)]T..
0
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where T, < 7 < (n+ 1)T. and o = v — nT.. The average of right hand side of last
cquation over o is uniformly distributed over [0,1). Therefore, the average value of last
term in cq. (3.34) over n from eq. (3.25) is equal to 2(F - &)T2 = 2&7—1:— It is worth
mentioning that eq. (3.25) is true not only for m-sequences but also for Gold and Kasami

sequences. The first four terms in eq. (3.34) are equal to:
(1—- 0)2R12,i(7‘) + &*Riy1,:(7)

+(1 = @) Ry i(7) 4+ 02 Rigr,:(7)

The average of these terms over o is equal to:

% [R?,i('r) + R?,i(‘f')} + % [Rl2+1,i(7') + ‘E‘zi?+1,i(7)]

conscquently; T
1 -~
V= / ERji(r) + Riga(r)]dt
0

Using cq. (3.23)

yro L[2T2)  1727%)  or
33N

313N Nt
where obviously the last term is negligible for a large N. Therefore,
2 2[2 772
VieZ[V]=clz=
3 3iI3 N
As an extension, the product of three or more sequence waveforms of period T is also a
periodic waveform of the same period T consisting of three or more sequences expressable
by an equation like eq. (3.33). The continuous time partial cross-correlation functions
from this product waveform and an arbitrary sequence waveform a;(t) are defined in a
similar way like in eq. (3.32) and the same term like V' for such partial cross-correlation
functions is linearly proportional to the number of multiplying waveforms, so that
n (27T?
Vi = | =— 3.35
(n 3 (3 N ) (3:35)
where n is the number of multipling waveforms.
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Chapter 4

Systems Configuration and Performance Evaluation

4.1 System Configuration

In this section, we will describe an optical LAN architecture that we have analyzed in

this work. This architecture has several advantages over other possible ones.

N= Number of Codes = N¢

M= Number of Users in Each Cluster
£1. b5, ..., fjg= Sinusoidal Subcarricrs

Fiber
LightSource | —— ... —
Optical
Passive
Star
Coupler
Fiber
LightSource f—— v e

Fig. 4.1. LAN Configuration (1)

Fig. 4.1 illustrates a block diagram of the proposed LAN subsystems. A scquence
of chips is added to the information bits and the spread data signals modulate FDM

subcarriers. Sum of the FDM signals intensity modulate a light source. Emitted light is
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giided to a passive star coupler via an optical fiber.

C» -
Dat
- > —G—— LED

Star

’ Coupler

fN
\% LED

Fig. 4.2. LAN Configuration (2)

Fig. 4.2 illustrates a block diagram of another architecture. A sequence of chips is
added to the information bits. The sum of the spread signals phase modulates the carrier.
The modulated carrier intensity modulates a light source. Emitted light is guided to a
passive star coupler. The sum of the spread data signals is no longer a binary signal, and
the modulator output is no longer a binary phase modulated carrier. The output of the
adder is a multi-level sequence. The nmumber of levels depends on the number of users in
onc cluster. The frequency content of the new signal is much more than each of the user

spread data signals because the transmitters are not synchronous.
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Fig. 4.3. LAN Configuration {(3)

Fig. 4.3 illustrates a block diagram of another LAN configuration. In this configuration,
the spread signal phase modulates a carrier and the modulated carrier intensity modulates
the light source. This architecture is not cfficient in terms of number of light sources,
however it is quite immune to clectromagnetic interference. In all these configurations,
passive star coupler acts as a broadcast medium; distributing signals among a number of

output ports connected to LAN users by fiber.
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Fig. 4.4. Proposed LAN Configuration

Fig. 4.4 provides a more detailed illustration of the proposed passive star LAN. Every
transmit terminal has a tunable oscillator capable of generating several discrete frequencies
ranging from 45 to 700 MHz. It also has a sequence generator capable of generating PN

scaquences traditionally used in CDM applications

Every receiver is uniquely defined by a pair (¢, fj) where f; corresponds to center fre-
quency of a Surface Acoustic Wave (SAW) matched-filter and ¢; is a finite-length sequence
prefabricated in the SAW device. To reach a certain receive terminal, the transmitter has
to generate the code sequence unique to the user and use the subcarrier frequency of the
rceceiver for modulation by its baseband sipnal. Generated sequence spreads the narrow
band of data. The tunable oscillator subcarrier signal is modulated by the spread data.
A group of data terminals signals could share the same light source. The calls are mu-
tually protected by the difference in either the code or the. frequency of the subcarrier.
Only call pairs to the same receiver would have identical codes and subcarrier frequencies,
however, these calls would be blocked by a busy receiver signal. On the transmit side, if

a numbcer of users share a single light source, this number is limited by the nonlinearity
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of the source. Total intermodulation products power will limit the number of subcearri-
ers. Using very long spreading sequences may not be spectrally efficient. Hence, we seck
an optimum combination of spread sequence length and the required subcarrier number,
given a fixed modulating band of inexpensive light sources. On the receive side, cach user
has a SAW matched-filter with a very high-Q and a unique pre-programmed sequence.
Each SAW only responds to the call tuned to its center frequency and with the matching
code. Other concurrent calls are rejected by the SAW. Since through a passive coupler all
transmitted signals are optically available to the receiving ports, usc of the SAW provides
a double layer of security in discriminating against unintended calls. Again, it is possible
to share one photodetector among a number of users. To make the scheme very bandwidth
efficient, we use the high-Q property of the SAW transfer characteristics. As long as the
subcarriers are spaced by one narrow band data rate apart, practically there will be no
interference between the shared bands. For example, at a data rate 80kbps, using a chip
rate of 10meps, the required 20M Hz double-sided subcarrier modulation band can be
reused by the subcarriers, as long as they are by 80kH z apart. For cxample, subcarriers
at 120, 120.08, 120.16 MHz, etc. although for the most part reuse the 20 MHz band,
create no significant interference to one another even if they all carry the same spread
sequence. This is because a SAW filter has a Sinc Function transfer magnitude response
with nulls on each side of the main lobe by one data ratc away from the center [1]. Hence,
even SAW’s programmed to the same sequence but with different center frequencics will

provide sufficient discrimination among signals.

4.2 Model of Suggested System

The system model that we will consider is shown in Fig. 4.4. During cach T sccond
symbol interval, the i*" transmitting laser is amplitude-modulated by the summation of
modulated signals of different users in a cluster and the modulated signal for cach user is
the product of data which takes on values {1, -1}, a Gold or a Kasami scquence and a

sinusoidal subcarrier. Sequences are specified by the values they take on in N equal-length



subintervals (chips) [0,T). As in {12}, we define bi(t) as the k** user’s information which is
a sequence of rectangular pulses taking on values from the set {£1} over a T-second time
interval. Henee,
+oo
bi(t) = Z b5 Pr(t — jT) (4.1)
j=—c0

wherc bf represents the k% user data at the j th timing interval and Pp(.) is a rectangular
waveform of T-sccond duration. The k% user is assigned a code waveform ag(t) that
consists of a periodic sequence of rectangular chips taking on values from the set {£1}

cach of T, scconds duration. If a¥ represents the ith chip value of the k" user,

+oo
a(t)= Y afPr.(t—jT.) (4.2)

j=—o0
Each user is assigned a periodic sequence with a period N = T'/T..

After spreading the information signal and biphase modulating it onto a carrier signal,
cos{wet + Ox)- where the carrier level is 1, w, is the nominal carrier frequency and 6 is
the carrier phase that is assumed to be uniformly distributed between O and 27 - the

modulated signal of the k** user becomes:

Si(t) = ar{t)br(t)cos(wet + Ok) (4.3)

Without any loss in generality, we will sct the quantum efficiency of the photodetector
to unity, as this affects the distribution of the number of received photons in form of
intensity attenuation. For similar reasons, we neglect the fiber loss and coupling losses in

the passive star coupler.

We define M as the number of users in ecach cluster, N, as the number of clusters, N,
as the number of spreading codes, Ny the number of frequencies, N,, the number of users

which is equal to N;.N. and N as already discussed is the sequence-length.

The instantaneous optical power of each laser is:

M
P(t) = Pp [1 +m Z Sk (t)} (4.4)

k=1



where m is optical modulation index.

Given the signal levels in eq. (4.3) are normalized to unity, for proper optical intensity
modulation, it is necessary that:

1
0 n < —
<m_1M

By assuming a lossless communication system, the RF photocurrent corresponding to

the desired signal at each receiver is:

+RPyp
+ Acos(wet + ) = —-A-T-L’-'ﬁcos(wct +6)
So, _
RPypr
A= A;:” (4.5)
and we know,
AT
E,=— (4.6)
2
thus;
R? PZm?
Ey=——L T .
b N , (4.7)
The maximum achievable values of A and E, corresponding to m = 7—3;,- and photodetector
responsivity £ = 1 are: B _
Py Py
A = = —— q.
MN, Ny (4.8)
P2 T P2 T
E, r _.—_=-L.= (4.9)

Calculation of Average Error Probability

Now, regardless of the number of users in cach cluster; since cach receiver is using one
frequency and rejecting others, the number of intcrference signals is equal to the number
of codes used. Hence, the received signal after the photodetector can be expressed as:

NC L
r(t) =Y Sk(t— )+ »_ Si(t —m) +n(t) (4.10)
k=1 =1
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where 7's are uniformly distributed over [0, 7] because users are independently sending
their signals. The first term in cq. (4.10) includes different user signals, n(t) is a white
gaussian noisc with a double-sided spectral density of ﬂzﬂ height and the last term includes
sumn of harmonics and intermodulation products (IMPs) falling around the center frequency

fo. From eq. (4.3)

Ne
r(t) = A ar(t — me)br(t — Ti)cos(wet + Ok) + n(t)
= (4.11)
+ A Z wyay(t — m)cos(wet + ©1)
=1
where ©f = —werk -+ O, and 8 is assumed to be zero with no loss in generality. The

paramecter w; in the last term represents the weight of each IMP or harmonic. The weights
of harmonics arc 6 dB less than the weights of IMPs of the same order. The weight
for higher than third order harmonics and IMPs is usually too small to be considered in
performance analysis of a system. Levels —40 dB, —60 dB and —100 dB are typical second,
third and higher order harmonic and IMP weights, respectively [8]. The a;(t) is a waveform
like in eq. (3.33) for sccond order IMP and would be an extended form of this equation in
the casc of higher order IMPs. In the case of Gold, Kasami and m-sequences, harmonics
affeet the performance of the system in the same way as IMPs because for these sets
of sequences cross-correlation and autocorrelation functions have the same sidelobes and
take on values from the same set. For instance, we consider the two following transmitted

signals:
Sk (t) = ar(t — tx)be(t — tx)cos(wit + Ok)

S;(t) = a;{t — t;)b;(t — tj)cos{w;t + 05)
It is obvious that the amplitude of the second order IMP is proportional to
ax(t — k)bt ~ Tr)as (¢ — m5)b; (t — 75)

which is an analytical representation of Fig. 3.5. Under Gaussian assumption, n(t) is a
white gaussian noise with a double-sided spectral density of %‘l height, where:

4KTF

Ng = + 2eIp + (RIN)I3, (4.12)
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In cq. (4.12), K is the Boltzmann’s constant (1.38 x 10725/, T is the absolnte tem-
perature (290°K), ¢ is an clectron charge (1.602 x 1071%¢), F is the clectronic roceiver

amplifier noisc figure and R, is the photodiode load resistor with a 50 ohm nominal value,

After the despreading that collapses the wideband coded signal into a narrowband
modulated signal and then the demodulation process, a signal sample at the receiver low-

pass filter output can be expressed as:

.
g:/ r(t)ay(t)cos(w,t)dt (4.13)
0

By using eq. (4.11) we obtain:
Ne o
£ = AZ/ ar(t — )bt — 7)1 (B)eos{wet + Ok )cos(w.t)dl
k=170
L T
+ AZ wi / ai(t — m)a () cos(w.t + O )cos{w, t)dt (4.14)
= o

"
+ / n(t)a(t)cos{w.t)dt
0

where the last integral is a sample of Gaussian noise with a zero-mean and an ﬁgi varianec.

The assumption of phase and delay locking of the receiver to the first desired modulated

signal that is reeeived enables one to rewrite eq. (4.14) as:

AT
£ = 5/ a3 (£)hy (¢)dt
C

}

N op
A 7
> /0 a(t = T )bk (t = Tr)ar (L)eos(Ox)dt (4.15)
k=2"
Los4 .
+ Z(§>w¢ /; ar{t — m)ar(thcos(@)dt + 1
=1

where O = 8 — w.T and 7 is equal to the last term in eq. {4.14).

We notice that, from eq. (4.4)

b(t)= > b Pp(t—jT)

j=—oo

o6



and therefore, by using eq. (3.16); eq. (4.15) can be written as

AT

N
A — n
€=~ be + 3 > b5 Riet (1) + b6 R, 1 (1) cos O

k=2 (4.16)
A L T
+ = Zw; / ay(t — m)a1(t)cos(©)dt +n
2 =1 0
where b) represents the information bit being detected and bl is the previous bit. We

refer to reference term as z; so that:

W8 Ry (1r) + b Ric 1 (1) | cos(Ok) (4.17)

4.3 Probability of Error Expression
4.3.1 Gaussian Assumption

We assurmne all the multiuser interference terms, harmonics and IMPs are Gaussian
distributed. Under Gaussian assumption, the power of interference term and also the
harmonic and IMP terms is cqual to the variance of these terms. The first term in eq.

2
(4.16) is the signal term and it has an average power of {%2} , or from eq. (4.8) average

2
power of ﬁg"ﬁg T2. The rest of the terms in eq. (4.16) are mutually independent. To

calculate the total power of the interference term, we must evaluate a mean-squared term

like,
E O.’_1R(t1) + aof?(t])]Q
el = [ 7 (4.18)
where oy = %1, i = —1,0 are independent binary variables. In eq. (4.18), €2 according to

eq. (3.23) has the value -(-5?—\,—7, where N is the length of sequences. The total power of the
last term of eq. (4.16) which is the variance of harmonics and IMP terms according to eq.

(3.35) is cqual to:



where n; is the order of [t" IMP or harmonic. Thercfore;

2 2
signal power = (£> - Iy T2 — P T

2 4M2N? 4N,
i AT €2 P3
terference = N, 1D = —F-T%N.-1
inter CC POWCT ( 5 ) ( )2 SN ( )e
_ P, 2
8N2T {N.— 1)e
nonlinearity term power = AT Z nws i e L npwt
2 ) & 3 RECIER :

noise power == NOZ

For binary PSK modulation, the crror probability is given by:

P(e) = gerfe(yT) @)

where ~ is the bit energy-to-noise density ratio.

Note that, in eq. (4.19) 7, is half of the signal-to-noisc plus interference power ratio;
hence, ~
P2

SNR =2y = ]
(N, — 1)3NP2+(ZI 1n,¢w“qNP —i—Nn!NZ

(4.20)

where we have set the modulation index m to 7, responsivity of the photodetector 1 to
unity, B is the bandwidth of the signal, N is the spreading sequence length and N, is the

number of the sequences that we have used.

By using eq. (4.9):

Ey

SNIt = I 2 22 N
(Ne — Vs By + 2oy uwi g By + 5

(4.21)

432 Average Error Probability with Moments Method

The objective of the detector is to compare the reccived sample in eq. (4.16) with a

threshold in order to make a decision on the polarity of the transmitted data bit being
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detected, that is, b. The detector makes a wrong decision if € is negative while b = +1
or if € is positive when b = —1. We note that during the detection interval of by the other
two data bits in cq. (4.16), namely, %, and b5, k # 1 can independently take on {+1}.

Henee, the conditional error probability is expressed by:

1 AT AT
PLizZ_PT'{““““+‘—"Z+7']<O|bé=+1}
2 2 2
1 AT AT (4.22)
- i = 1 _ -1
+2Pr{ 5 + 2z+n>0|b0
We can rewrite eq. (4.22) as:
1 AL 4 AT, AT _ AT,
P,.=-<{erfc -?-———-l-}+cr c[—g————z—}} 4.93
! 4{ d [ o2 d o2 (4.23)

where
2 ee —a?
erfe(u) = — e ¥ dy
VT S
and ¢ is the standard deviation of the Gaussian noise.

We notice that, the data sy abols have a zero mean, therefore, all the odd moments
of z are cqual to zcro. Now, to evaluate the average error probability we will apply the
moments of interference term to a numerical Gauss Quadrature Rules integration routine
[12]. Using this mcthod, for an even distribution, there are symetrical nodes around zero
with the same weight [12). Now, it is not difficult to observe that instead of using eq.

(4.23) we can use the following, due to symmetry:

P, = lerfc{ %I(;‘i)-} (4.24)

2 a2
Recalling;
_ VNT
7T
and obscrving a bit energy,
AT PET
Ey="—"—=5=
2 NZ 2
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we can express eq. (4.24) as

Now using Gauss Quadraturc Rules integration [19] the average crror probability can
be obtained numerically, by averaging the conditional probability in cq. (4.25) over the
interference term, z. This is accomplished by first evaluating the Ny, = 2N, ,,-+1 moments
of z which are applied in evaluation of the N,, ., nodes and weights of the Quadrature Rule

[31]. Hence, the average probability of error is:

1o [E
b .
Pe = § ; Wj erfc{ "ﬁ(‘)‘(l — fj)} (42(})

4.3.3 Moment-Generating Approach

The average probability of error expression in eq. (4.26) assumes 2N, 4+ 1 moments of

random variable z which is a function of independent random paramcters: 7, @, and bf.

Furthermore, z;’s are independent and symmetrically distributed; hence the odd mo-

ments of z are all zero. Therefore, having the even moments of z, in this scetion we derive

the moments of z. Since,
1%
z = Z 2L

k=2

where
1 -~
2 = f{b‘ilﬁk,l(fk) + bE R 1(71) }c05O%,

then

1

E{zim} = szE[cos@k]Qm 05 Ry (7h) A+ bE R 1 ()] (4.27)

To evaluate the second expectation of the right-hand side of cq. (4.27)} since Oy is an

independent random variable, we can deal with it separately.
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That is, we first evaluate
()
E{[cos@y)*} = ~2L

4m

and then find the second expectation of eq. (4.27) as

2m
H= %}E{ (6 1 Rie,1 () + b6 R 1 ()P

49 e kR 2m
=pon | {65 1 Rie,1 (&) + b Rie 1 ()" ™ dme

where the expectation in A is over the random delay k.

Now we can expand the latter integral over N chips period. Hence,

(2m) 1 N—-1 r(‘l’H—l)Tc % -
H = _i’_:r.;._ ‘= j (0% 1 Rge,1 (1) + bng,l(Tk)Fdek
n—>0 n'Ty

We can then use egs. {3.17) - (3.19) t.o evaluate the correlation functions. This is accom-
plished by assuming rectangular chips and noting that forary 0 < nT. < 7 < (n+1)T. < T,
as shown by eqs. (3.17) and (3.18),

Ria(7) = Ap, T + By, . (T — nTy)

- . . (4.28)
Rkyl(T) = Ank.ch + B"k,l (T - TLTC)
where .
Aﬂk,l = Ck,l(n — N)
Bnk ; — Ck,l(n+ 11— N) - Ck,l(n — I\fr)
Y . (4.29)

¥
.

Ay = Cri(n+1) = Cra(n) k=1,2,....K

| Brgy =Cka(n+1) = Ci1(n)
where the discrete apceriodic cross-correlation term Cj 1(:) is related to chip sequences a_’;

and a} via

ZN_I—" a"‘?a}+n 0<n<N-1

7=0 7
Cia(m) =4 SN2 ok ol —(N-1)<n<0 (4.30)
0 else
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Therefore, H becomes

(2"" N-lom Qm
n=0 r=0
(n+ 1T, Y
. / [Amc.ch + Ba i (T — nTL)]
nT.

. [.flnk.ch + Bnk.l (TknTc)]z(m—r)di.

(4.31)

Notice that, in deriving cq. (4.31), because of the even moments, b | and bf are averaged

to one. Now, in eq. (4.31), by changing 7 — nTc to WT,, H becotnes

N-1m
2m
H = T2m+1
e LS5 ()

n=0 r=0

1
' {f [Ank,l + 'Bn'k,'.l W]2r b [Ank,i + Bnk.] I’V]:z(m_r)(jmf}
0
Therefore, to determine H we have to solve
' - -
Fm,r,n = / [A"k,l + BT&k.1W]2T ) [A"k.l + Bnk,l W]z(m—r)dw
0

This can be done recursively, using integration by parts, and the result is

2r

i (Bﬂk 1)i 1 (QT')
rm T = —1)—= o - — — i/
T ;( ) (Brtkll)z-{-l (z + 1) (Z(Tu—i:-)l.{q.}.l)

. {(Aﬂk L+ Bnk.l)%‘—i ; (Ank.l + BAnk.l)'Z(m-—r)-H+1

_ ( - 1)27‘-— . (Aﬂk'])Q(m—r)-{«i+l}

For H in eq. {4.32} we now have

T2m+1 (2”:!) N=1 m 2111
H= ——T,"-“—En"'" Z Z (ZT)Fm,r,n

n=0 r=0

and for E{zf™} in eq. (4.27),

o (2m N-1 m -
E{Z = 4m N2m+1 Z Z 1n T

n=(0 r=0
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To find the moments of «
=3 a
k=2
we can usc a three-step method preseribed in [11], where from the cumulants of random

variable zg, ¥ (2k), the moments of z are arrived at. This simple algorithm is outlined

below.

The first step is to find
Mym = E{z™}

and then
m—1

7rra+](zk) = Mm+1(zk) - ]Z:O (T:) 7r+l(zk) . Mm—r(zk)
with
Y1(2k) = M1{2) =0 (4.36)

The sceond step is to find

'}"m.(z) = 'Ym(Zk) (437)

I

The third step is to find

4.4 Discussion and Numerical Results

In this section, the average error probability as a function of signal-to-noise for each
transceiver pair in Fig. 4.4 is evaluated. We will first discuss the parameters which are
critical in designing our proposed LAN in Fig. 4.4 and then we will exhibit the analytical
average crror probability and numerical results of calculating average error probability,

obtained using Gauss Quadrature Rule integration.

To calculate the average error probability under the Gaussian assumption, we use the

crror probability expression eq. (4.21) developed in section 4.3.1. The effect of lighi source
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nonlinearity in eq. (4.21) appears as

L 5
E anz__;
PN

From above, the power suppression of second order harmonics and IMPs is equal to 4/9N
and the third order IMPs and harmonics are suppressed by the factor 6/9N and in general

the ntP-order components arc suppressed by a factor 2n/9N.

Tt has been shown that the distortion level from a laser is only dependent on the signal
Jevel [8][26]. Therefore, once we have results for a laser for two channcls and a particular
channel spacing, it is not necessary to have another sct of results for a different number of
channels. The number of IMPs and harmonics increases with an inercase in the number of
channels but the power of each of these components decreases by the same factor. More
specifically, the number of second order products increases with the squarce of the nmber
of channels, and the power of each component decreases with the same factor. Likewise,
the number of third order intermodulation products increases with the cube of the number
of channels, but the power of each component is reduced by the cube of the number of

channels. The total signal power of N channels is given as follows:
. 1, =
Signal Power = —Z-(mP,nR) NR,,

where m is the optical modulation index and Py corresponds to driving laser current bias,
R is the responsivity of photodiode and Ry is taken to be 50§2. Therclfore, to obtain
the same distortion level, we can trade N, the number of channels with m, the optical

modulation index.

Darcie [10] has presented a theoretical and cxperimental study of intermodulation and
harmonic distortion in high speed 1.3 and 1.5um InGaAsP lasers modulated at frequen-
cies up to 8 GHz. The measured results show that all lasers, including Fabry-Perot and
distributed feedback lasers, generate approximately the same distortion levels for a given
modulation depth and laser relaxation resonance frequency. In our proposed LAN shown in

Fig. 4.4 the minimun detectable signal power or receiver sensitivity will limit the minimun
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modulation index 7 and conscquently the number of users in one cluster. The distor-
tion level of harmonics and IMPs is a function of modulation index 7n. For a modulation
depth m and relaxation resonance frequency fr the weight of the second and third order
harmonics and IMPs distortion level for each kind of laser is given. By having weight of
all nonlincarity components (second and third order) we can calculate the total power of
interfering products caused by light-source nonlinearity. In Appendix B, we present an
example and we calculate the weights of second and third order IMPs and harmonics for a
given mn and a particular laser. Since the nonlinearity distortion level is a function of mod-
ulation index m and consequently a function of number of users in each cluster, calculating
the exact nonlinearity distortion level is possible only when the number of users in each
cluster and the type of light source are known. So far, we have calculated the signal to
nonlincarity distortion improvement obtained using a spreading sequence of length N. We
have also outlined the computation for a designed optical LAN for which all the required

parameters are known.

For the rest of our work which is the performance study of the proposed system using
different sequences and exploiting different methods, we do not considcr nonlinear distor-
tion. This would not affect our analysis because our goal is to make a comparison between
different sequences or different methods while the nonlinear effects merely depend on the

length of the sequence.

In our numnerical evaluation we have used two sets of Gold and Kasami sequences.

4.4.1 Gold Sequences Results

Figs. 4.5-4.7 illustrate the performance of the SS/CMDA scheme where the codes
cmployed are Gold codes of periodic length 127 and for different number of users. The
Gold scquences are obtained by multiplying the two primitive polynomials described in

example 3.1,

To find the actual codes, we used the initial loadings of [29]. These initial loadings are
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shown to generate a class of Gold codes known as Auto-Optimal with Least Sidelobe Energy
(AOQ/LSE). In our numerical evaluation we used ten initial loadings. Hence, this covers
ten periodic code sequences for a hypothetical community of users sharing the common
channel band on a spread-spectrum multiple-aceess basis. Onee the code sequences are
obtained, we compute the partial corrclation coefficients of cq. (4.29), which are used in
conjuction with eq. (4.27) in finding the moments of z as described in seetion 4.3.3. The

BER performance curves for two users arc shown in Fig. 4.5.
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For a given probability of error, a signal-to-noise ratio 7 is given. For a given density
height noise which is according to ¢q.(3.12) a function of injected current bias, E, is

computable. Recalling

AT Pim?T
Eb = — = ——2-———’
2 NZ 2

for a given optical power bias; to have 2 particular value of Ey, different pairs of number
of clusters N, and modulation index m can be found. By having m, number of users per

chister is limited by eq. (4.5). Finally, having number of clusters and number of users per

cluster, the total munber of users which can be served is determined.

Results show, the Gaussian assumption gives a good approximation of the average error
probability in this case. Resules obtained by Gaussian assumption are somewhat optimistic

comparcd to the exact ones. This agrees with carlier findings of Mazo [20].

4.4.2 Kasami Sequences Results

Figures 4.8-4.12 illustrate the performance of the SS/CDMA scheme where the sequences
ciployed are Kasami codes of periodie length 255 and different number of users. The
Kasami sequences are obtained by multiplying the two polynomials described in example

3.2,

To find the actual codes, we used initial loadings from {28]. These initial loadings are
shown to gencrate a class of Kasami codes known as Auto-Optimal with Least Sidelobe
Energy (AOQ/LSE). In our numerical cvaluation we used fifteen initial loadings. Hence,
this covers fifteen periodic code sequences for a hypothctical community of users sharing
the conunon channel band on a spread-spectrum multiple-access basis. Once the code
sequences are obtained, the rest of the procedure to caleulate error probability is identical

to the previous case.

The BER performance curves for two users arc shown in Figures 4.8.
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443 Comparison Between Using Gold and Kasami Codes Sequence Sets

Comparison of the average crror probability performance of the system using two code
sequence sets with N = 127 for Gold type and N = 255 for Kasami type codes shows the
scheme performs better when it cmploys the larger length codes set. The penalty is the
larger bandwidth requirement. However, this is compensated by the larger set of individual

codes which can accomodate more potential users.

Fig. 4.13 illustratcs the number of simultancous users per subcarrier which can be
supported for a threshold bit crror rate of 1074, That is, with this number of active users,

the error rate will not exced 101,
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Chapter 3
An Experiment on the Proposed Optical LAN

In this section, we present some preliminary experimental results on the LAN imple-

mentation as well as the corresponding transmission performance.

We will first discuss the subsystems of the experimental DAN.

5.1 Suggested Subsystems

In this section we describe the design and implementation of a Surface Acoustic Wave
(SAW) filter-based receiver and transmitter of the proposed optical LAN. The system
described is a direct-sequence spread-spectrum system using differential phase-shift keying

(DPSK) modulation.

Input
> ) BPF Light |

Source
Star
T IF Amp Coupler
Differential Encoder
0 code fe=f
 Gen. | Osc.
F\'be c + N, = Data CLK
127 R,

Fig. 5.1. Transmitter Block Diagram

In the transmitter, shown in Fig. 5.1, the code scquence chips are modulo-2 added
to differentially enccded data bits. DPSK modulation is used to climinate the need for
synchronous carrier recovery at the receiver and to simplify the receiver design. The binary
bit stream is then used to modulate a subcarrier Intermediate Frequency (IF) carrier. The

DPSK signal intensity modulates a light source and the optical signal is then transmitted
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via a fiber to a star coupler.
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Delay ’é
T
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Fig. 5.2. Receiver Block Diagram

In.the receiver, as shown in Fig. 5.2, the received optical signal is photodetected. The
signal is then passed through a bandpass filter and a bandpass amplifier with an automatic
gain control and on to the SAW Matched-Filter (SAW-MF). The center frequency of the
SAW tilter responds, with an autocorrelation peak, to a matching sequence. If there is
no match, the SAW output is that of cross-correlation sidelobes. The SAW output is still
a DPSK modulated signal. The DPSK signal is then demodulated and passed through a

low-pass filter, to eliminate the harmonics.

The reference transmitter and an interfering transmitter that was designed to test the

multiple access capability of the system are described in the next section. We will then

discuss the receiver, the SAW matched-filter and the measured performance.




5.2 Experiment Subsystems
In this section, we elaborate on the main subsystems of the experimental LAN. The
set-up was dictated mainly by availability of equipment. The experiment provides some

preliminary insight into the LAN performance. A summary of this scction can also be

found in [24].

5.2.1 Transmitter Design

Data in

) ) O—

Lightwave
Transmitter
T
10 MHz Sequence
Generator

Fig. 5.3. Experimental Transmitter Block Diagram

A block diagram of the reference transmitter is shown in Fig. 5.3. Il is essenbially
baseband section of a DPSK transmitter with the addition of a sequence generator and
a modulo-2 adder. For the reference transmitter, the periodic scquence generated is a
maximal length sequence [23] of 127 chips implemented by a shift registor with linear
feedback. The sequence is described by the polynomial =7 + 2% -+ #* + = + 1, octally
represezited by 217. The choice of this sequence was dictated by the avaiiability of hardwire
for this experiment. In practice, a maximal length sequence would be inappropriate due

to the limited number of available sequences. A more suitable choice would be the large
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st of Kasarni sequences [23].

The transmitter is implemented using standard TTL intergrated circuits. The input
data is differentially encoded using an exclusive-OR gate and a one bit delay (312.7us)
from an Integrated Circuit (IC) shift register. A full sequence length, 127 chips, is then

added to cach differentialy encoded data bit.

The sequence gercrator is clocked using a 10 MHz oscillator. A 78.8 kHz data clock is
generated by detecting the last 7 chips of the sequence. For the octal 217 sequence used
here the last seven bits are logic “ones” and are detected by AND gates. Generating the
data clock this way cnsures the proper phase relation between the data and a full length
of the code sequence. The baseband rate (78.8 kHz ) is the ratio of the chip rate (10 MHz)
to the scquence length (127). Note that, given the above signal parameters, a baseband

rate of 78.8 kHz is the only rate that can be inferred.

This spread spectrum signal is then used to modulate an AT&T Technologies lightwave
transmitter model 1250A. The optical source used in the transmitter is a GaAlAs Light

Emitting Diode (LED) emitting light at 0.875 micron.

A sccond transmitter was necessary for signal-to-interference ratio and multiple-access
interference measurcments. The only difference between the reference transmitter and
the interference transmitter is in the sequence gererators. The generated sequence in the
interfering transmitter is another 127 chips maximal length sequence represented by the

polynomial 7 + z° + 1 . The selection of this sequence was totally arbitrary.

5.2.2 SAW Matched-Filter

SAW filters play an important role in many recent appiications such as high-speed timing
recovery circuits and spread-spectrum systems, to name a few. The SAW matched-filter in
our system correlates its input with a preprogrammed matching sequence. Also, the device
acts as a very high-Q bandpass filter. A plot of relative correlation peak amplitude versus

frequency offset from the IF is shown in Fig. 5.4. The amplitude response is basically that
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of a |sin(z)/z| function with zero crossings on cach side of the main lobe away from the
center by 1/T where T is the data biy interval. The effeet of frequeney offset. is illustrated
in Fir. 5.4(b). As scen in this figure, it is possible to use the frequency offset property,
however, the off-frequency interference, dispersed in time, raises the off-peak noise level to

some extent.

CENTER FREQUENCY 120.066 MHz CENTER FREQUENCY 120.086 MHz

Fig. 5.4.(a) Effect of Center Frequency Shift on Corrclation Peaks

Relative

Correlation 4
Peak T : Bit Duration

Amplitude

- Af
0 A0 3 2 Freguency Cffset
T 2T T quency

Fig. 5.4.(b) Effect of Frequency Shift on Correlation Peak of
the SAW Filter, T= Data Bit Length
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The SAW devices are implemented using a combination of thick film, bipolar LSI,
and SAW technologics. The rather smal size of the SAW device (about 1.5 inch in this
application) lends itself to integration into small receivers. With today’s technology, SAW
filtc. s may have center frequencies up to 700 MHz. Depending on the spreading sequence,
the processing gain (as will be defined later) of a state-of-the-art SAW filter can be as
high as 60 dB. For multiuser applications as in our experiment, SAW matched-filters with
different prefabricated masks nced be developed, or else, programmable SAW filters could

he used.

In order to develop a better understanding of the correlation measurements, we will
review some basic terms here. When measuring a correlation function, we can have two
distinct cases, namely; aperiodic and periodic correlations. In the aperiodic case we corre-
late two sequences, which may or may not be identical depending on whether we perform
an auto or a cross correlation. However, these sequences occur once and only once. The
aperiodic case is not relevant to our application. The even and odd periodic correlation
functions are importzat here because of the nature of digital transmission. These two

cascs, even and odd periodic correlations, are shown in Fig. 5.5.
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Fig. 5.5. Correlation Parameters for PN-Sequences

We have two periodic sequences u; and v;, direct-sequence added to random kipolar
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bits of two binary streams, as shown, and v; is corrclated with ;. If two adjacent bits of
the second stream within correlation window have the same polarity, we obtain an even
periodic correlation function. Otherwise, we will end-up with an odd periodic correlation
function. Numerical evaluations of corrclation parameters are available in {29] and are
used here for a theoretical comparison. Tor the iaaximal length scquences used in this

experiment (i.e., octal 211 and 217), the peak values arc given as follows.

For the autocorrelation of the sequences corresponding to 217 and 217; even periodic
sidelobe level is —1 and odd periodic sidelobe peak level is 15. For the cross-correlation of

217 and 211; even periodic sidelobe peak level is 17 and odd periodic sidclobe peak level

is 33.

From these nurmerical evaluations we can calculate the worst case processing gain (PG)
for the odd periodic sidelobe as 20 log (127/33) = 11.7 dB. For the even periodice sidelobe
the worst case is 20 log (127/17) = 17.4 dB.

We have measured the average processing gain to be about 18 dB. This measured
processing gain is the ratio of the autocorrelation geak of the reference signal to the rims

of the cross-correlation sidelobes due to the interference transmitter. (Sce Fig. 5.6)

CORRELATION PEAK

INTERFERENCE
SIDELOBES

Fig. 5.6. Autocorrelation Peak and Cross-Carrelation Sidelobes
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5.2.3 Receiver Design

. Vfas IF Amplitier 5PSK Demodulator
AFD SAW
Filter
Delay
120 MHz
Clock Out
Data Out €—— Baseband

Fig. 5.7. Experimental Recciver Block Diagram

A block diagram of the receiver is shown in Fig. 5.7. Basically, it consists of an optical
receiver which is the AT&T Technologies model 1350A using a silicon avalanche photo-
diode (APD), a SAW filter-based demodulator, a bascband timing circuit and a detector
circuit. The data output of the receiver is a TTL compatible signal that is used to bi-phase
modulate a 120 MHz signal through a balanced mixer. This modulation/up conversion is
necessary to take advantage of the SAW matched-filter since its center frequency is at 120
MHz. In actual implementation as shown in Fig. 5.1 this modulation will take place in

the transmitter. However, it was simpler to set this up as shown in Fig. 5.7.

The SAW matched-filter in our system correlates its input with the preprogramrned

matching sequence.

The amplified IF signal is fed into the SAW matched-filter. Because of 17 dB inscrtion
loss of the SAW, it is necessary to have a broadband amplificr prior to demodulation.
DPSK modulation is used to eliminate the need for synchronous carrier recovery at the
receiver and to simplify the receiver design and implementation. In the DPSK modulation

loop a bandpass SAW delay line provides the one bit delay required in the dernodulation.
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The baschband signal at the demodulator output is still bipolar and we use 2. dual
comparator as a window detector to detect its positive and negative peaks. For simplicity,
one comparator is used to detect +1 binary pulses and convert them to logic “ones”. A
one-shot then stretches the pulse to 50 percent duty cyle and the signal is sent to a data
latch. The sccond comparator is used to detect the —1 pulses to convert them to logic
“seros”. The output of this comparator is positive pulses and is OR-gated with the output
of the first comparator to form our receiver clock signal. The pulses are then stretched to

50 pereent duty cycle and used to trigger a phase-locked loop in the clock recovery circuit.

5.3 Experiment and Results

_____________________________________ Noise
""""" Genarator
D
ata IF Amp
EEe% saw | | Dpsk [ | Basei
> Filter [] Demod gl
Ckis
Sequence H
Generalor H 4%X4 120 MHz
: Coupler
................................ s \
Dala § \
D=
interlerence ¢
Transmilter H
Sequence :
Generalor ;

Fig. 5.8. Experiment Set-Up

Two optical transmitters and one optical receiver are connected to a 4 X 4 multimode
passive optical star coupler, as shown in Fig. 5.8. Transmitter number 1 is adding a 127
bit PN sequence to cach data bit, the same sequence the SAW matched-filter has been pro-
grammed to recognize. The second transmitter ié‘adding another 127 bit PN sequence, ran-
domly selected to generate interference. A noise source is also connected to the receiver IF
amplifier. The noise source output is varied and the bit error rate is measured as a function

of signal-to-noise ratio. This is shown in Fig. 5.9.
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N =127, N.= 2 Uscrs)

On the figure, as a reference, there is also shown theoretical performance of the system
for one user. This would basically represent performance of a PPSK signal in presence of
additive Caussian noise. The gap beween this curve and the measured curve is due to all
implementation inaccuracics as well as the interfering signal. Therefore, from this figure

we may conclude the technique has potential for LAN applications.
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Chapter 6

Conclusions

6.1 Summary

This thesis began with the assertion that robustness of CDMA scheme against inter-
ference can be used to alleviate the effect of laser or external modulation nonlinearities in
Optical LANs. Lascr nonlinearity limits the performance of systems which exploit subcar-
rier multiplexing scheme. We have proposed a hybrid CDMA/FDMA subcarrier scheme
<o that the beneficial aspects of each scheme mitigate the impairments of the other one.

The proposed scheme is robust against interference and is much more spectrally efficient

than CDMA.

We have cmployed DS/SSMA as a form of CDMA and BPSK as modulation. In Sec-
tion 3.4,we have shown that IMPs and harmonics have an interference-like effect as non-
matching sequences if sequence sets for which shift-and-add property holds are used to
spread the data signal prior to subcarrier modulation. We have shown shift-and-add holds
for traditional sequences; i.e., m-sequences, Gold and Kasami sequences. As a result, we
have been able to calculate the total power of any order of IMP and harmonics. The sec-
ond order harmonics and IMPs are suppressed by a factor ﬁ,— and third order components
by 5 and in general for nt* order components, it hecomes 2% where N is the length of
spreading sequences. By using the sequence of length N = 127 the second order compo-
nents power is suppressed by 24.56 dB and third order components by 22.80 dB. Using the
spreading sequence of length N = 255 the second order components power is suppressed

by 27.59 dB and third order components by 25.83 dB.

We modeled the system and evaluated the average error probability performance of the
proposed LAN for a transceiver pair. We examined the accuracy of the Gaussian As-
sumption on multiple-access interference distribution. The results show a great agreement

between exact results and ones obtained under the Gaussian assumption as shown in Fig.
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4.5-4.12.

In our numerical evaluation we have used the Gauss Quadrature Rule integration (GQR)

method, to obtain an exact average error probability performance.

We compared the performance of the scheme for twe different code sequence sets (N =
127 Gold and N = 255 Kasami codes) and determined that there is a significant advantage
in deploying N = 255 Kasami sequence set. As a result, we were able to provide BER

performance of the scheme as a function of:
(1.) Bit energy-to-noise ratio (Eu/No)
(2.) Number of users

We also computed the number of users per subcasrier frequency that can be supported

by the system where the irreducable BER is less then 1071

Among implementation issues, we have suggested using SAW filters as corrclator in

order to obtain a spectrum efficiency as subcarrier FDMA scheme.

A detailed design of transmitter and receiver has been provided. Two transmitters and
one SAW flter-based receiver have been realized. The results obtained from experiment

have been compared with theoretical values. Results show promise.

6.2 Suggestions for Further Research

As this thesis comes to a close, there are a few topics that deserve further investigation.
The first topic is synchronous CDMA which can be easily employed in optical systems.
Furthermore, we have investigated just two code sequence sets, i.c., Gold and Kasami
sequences. There might be a more appropriate sequence sct for the nonlincarity suppression
task. Our investigation centered on binary sequences and binary signalling schemes. Multi-
level sequences are more bandwidth efficient and it is worth to investigate these sequences.

We didn’t consider Avalanche Photodetector (APD) in our theoritical analysis. APD gain
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c¢an crhance the system performance. We did not model laser nonlinearity. Nonlinearity
modeling of laser will give us a good insight on the properties of the sequences which are

helpful in nonlinearity distortion level suppression.
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Appendix A

Gauss Quadrature Rule Approximations

An accurate technique for evaluating probability of error I, in digital communications
systems is based on nurmerical integration formulas. In this case, it is usual to express P,

by means of integrals, i.e., averages, such as;

b

Elg(z)] = f 9(&)f-(2)ds (A1)

[+

where f.(-) denotes the probability density function of the random variable z. Since
evaluation of E[g(z)] is indeed equivalent to the computation of an integral, we can resort
to numerical techniques developed to compute approximate values of integrals of the form
(A.1). The most widely investigated techniques for approximating a definite integral lead

to the formula

b N
[ )8 @1 = Y wigte) (4.2)
e i=1

a linear combination of values of the function g(-}. The zi,4 = 1,2,..., N, are called the
nodes of the formula, and the w;,i = 1,2,..., N, are called its weights. The set of nodes
and weights is usually referred to as a quadrature rule. A systematic introduction to the

theory of quadrature rules of the form (A.2) is given in Krylov [40].

The quadrature rule is chosen to render (A.2) as accurate as possible. A first difficulty
with this theory arises when one wants to define how to measure the accuracy of a quadra-
ture rule. Since we want the nodes and weights to be independent of g{-), and hence be
the same for all possible such functions, the definition of what is meant hy “accuracy”
must be made independent of the particular choice of g(-). The classical approach here is
to select a number of probe functions and constrain the quadrature rule to be exact for

these functions. By choosing g(-) to be a polynomial, it is said that the guadrature rule
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(A.2) has degree of precision v if it is exact whenever g(-) is a polynomial of degree < v

[or, cquivalently, whenever g{z) = 1,z,...,z"] and it is not exact for g{z) = ¥+,

Once a criterion of goodness for quadrature rules has been defined, the next step is
to investigate which are the best quadrature rules and how they can be computed. The
answer is provided by the following result from numerical analysis, slightly reformulated

(sce Krylov [40] for more details and a proof):

Given a random variable z with range [a, b] and all of whose moments exist, it is possible
to define a sequence of polynomials Py(z), Pi(z), ..., deg Pi(x) =, that are orthonormal

with respect to z; that is,

E[Py(2)Pu{2)] = bmmy myn=0,1,... (A.3)

Denote by 71 < z2 < --- < ax the N roots of the polynomial Pn(z) (they are all real,
and lic inside [a,b]), and by k, the coeficient of z™ in the polynomial P.(z),n =0,1,....

By defining;

- kN+1 1
’ ky Pnyi(z:)Py(z:)

i=1,2,... M, (A.4)

the set {z;,w;}Y, is a quadrature rule with degree of precision 2N — 1. This is the
highest degrce of precision that can be attained by any quadrature rule with N weights

and abscissas.

The relevant fact here is that the set {z;,w;}JL; can be evaluated on the basis of the
moments p1, fe, -, f2n-1 of z. In other words, no more than the first 2N — 1 moments
of z are necessary to determine explicitly a Gauss quadrature rule with N weights and

nodes.*

* It is often claimed that f£2v is also needed to perform this task; see for instance Golub and Welsch [19]. Actually,
the role of o is just that of normalizing the polynomial Py (-}, and its values affect neither the nodes nor the

weights of the quadrature rule (Gautschi [42]).
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To see how to undertake this, we use the fact that a Gauss quadrature rule with N

weights and nodes has a degree of precision 2V — 1. Since

b

pe = E[zF] = / z* fo(z)dx (A.5)

a

for any 0 < k < 2N — 1 the Gauss Quadrature rule is exact; that is,

N
pe=Y wazk, k=01,...,2N -1 (A.6)
i=1

This system of 2N nonlinear equations has the weights and nodes as unknowns; by

solving it, the Gauss quadrature rule can be found.

In general, it is not convenient to solve directly cquations (A.6), except for a very few
simple cases. A computationally effective technique to determine Gauss quadrature rules
based on the moments of z has been proposed in Golub and Welsch [19]. Now, for the

problem at hand, we outline the computation of nodes and weights of Gauss Quadrature

rules:

Formulation of Gauss Quadrature Rules From the Moments of -

Denote the first Ny, = 2N, + 1 moments of z by the sequence jin,n =0,1,2,...,2N.. In
the problem at hand the random variables are evenly distributed. Therefore, as previously

stated, the odd moments are all zero.

Let M = [m;;),4,j =1,2,..,N. + 1, be the Gram matrix of the system with

TRij = Pitj—2 (A.7)

Thus,
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0 L2 0 e e s 0
2 0 pg . . . . pN+2
M= 0 . . . (A8)
\,U,Nc . . . e e IJ.QNC }

where p=1. Also, let M = RTR be the Cholesky decomposition of M, where T

represents the transpose matrix with

-1\ 3
Ty = (mii Z 7‘%5) (A.9)

and

i—1
Ty = (mij - Z'I‘ki?kj) /Tﬁ 1< J (A,l[))
k=1

Because all the odd moments are zero, it follows that r;; = 0 when (2 + j) is odd. We
now have an upper triangular matrix R = [ry],2,5 = 1,2,..., Nc + 1. The matrix is used

to calculate a set of numbers §;,j7 = 1,2, .... N, where

§; = —LEEL (A.11)

Now we construct a tridiagonal matrix J as follows:
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0 & 0

0
6 0 So . . . 0 \
0 6 0 . . . 0
J= (A4.12)
. ; L. . 6N, — 1
\ . . ON, -1 0

where J is an N, x N, matrix.

By finding the eigenvalues and eigenvectors of the matrix J, it is possible to arrive at

the weights and nodes of the quadrature rule. Let the cigenvaluc equation be
Jg; = X (A.13)

Then the quadrature rule for the sequence (wy, ) in cq. (4.26 ) is given by the sct
of numbers {q%j, A}, 3 =1,2,...N,, where q?j is the squarc of the first clement of the
eigenvector §;, and A; is an eigenvalue in eq. (A.13). Hence, if the first 2N, + 1 moments

are calculated, then the resulting quadrature rule will contain N, weights and nodcs.
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Appendix B

Calculation of the Total Power of Interference due to Laser Nonlin-
earity

In this appendix, we calculate the power of the interference term arising due to laser

nonlinearity in eq.(4.21) which is Zlel raw? (557 Eb)-

Common paramcters given for a laser are Peak Second-Order distortion (PSO) and
Composite Triple Beat (CTB) for 2 channels and a large number of channels, ie., 40
channels. As we have explained in section 2.3, as long as the total driving power is kept

the same, C/IMD virtually is not a function of the number of channels.

The total power of interference signals caused by laser-nonlinearity is almost equal to
the power of second and third-order IMPs and harmonics. Third-order intermodulation
distortion products result in the CTB, defined as the ratio of the carrier to the total third-
order interference at the carrier frequency. The PSO is defined as the ratio of magnitude
of the unmodulated carrier to the maximum product count within the interval times the

magnitude of cach second-order IMP. Hence,

L 2
2
E nw E
i (g Ev)
=1
which is the interference nonlinearity term for the worst channel is equal to:

o.10(PSO/0) | 5. 10(CTBNN R, . 2
[2-10 +3-10 1B

9N

where PSQ and CTB are expressed in dB.

We also point out that given the number of products contributing to the PSO and CTB,
one can calculate the maximum allowed magnitude of each type of product. Lasers then

can be screcned based on the results of a simple 2-tone linearity test [46].
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