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Abstract

Optical CDMA is one of the most important research topics to the experts on optical

communication for its several attractive features such as asynchronous access,

privacy and security. Four wave mixing (FWM) is one of the most dominating

nonlinear effects in optical communications. But all of the research works on optical

COMA system, performance analyses are carried out without considering the effect

of FWM. In this thesis, an asynchronous direct-sequence optical CDMA (DS-

OCDMA) system, with intensity modulation and direct detection (IM/OD)

transmission link using sequence inversion keyed (SIK) switched correlator receiver,

is considered. Firstly, the system is theoretically analyzed in present of FWM in

single mode dispersion shifted fiber (DSF) and mathematical expressions of FWM

noise, multiple access interference (MAl) and bit error rate (BER) are obtained using

necessary assumptions. The BER performances of 100 Mb/s optical COMA system

using OSF are evaluated using analytical expressions. Further, to verify the analytical

expressions, FWM noise, MAl and BER"performance are evaluated by computer

simulation with random data sequences and different m-sequences as well as Gold

sequence of each user. It is investigated that simulation results and analytical results

are similar in all cases for optical CDMA system using OSF. The BER performance

is found to be degraded due to FWM effect if the transmitted power, transmission

distance and number of simultaneous users are increased. It is seen that the BER

performance can be improved by increasing the number of chips per bit. It is

investigated that transmitted power per user, transmission distance and number of

simultaneous users are limited due to FWM effect. Maximum allowable transmitted

power per user, transmission distance and number of simultaneous users are

evaluated at a BER of 10-9 to design an effective optical CDMA system using OSF.

Also, the value of transmitted power per user is evaluated to obtain minimum BER

performance for different values of transmission distance at different chips per bit

encoding for different number of simultaneous users.

Further, the analytical approach is modified to evaluate the BER performance of the

optical COMA system using normal dispersive fiber. The BER performance is

xxiii



evaluated for the OS-OCOMA system using normal fiber with 63 chip m-sequence

as well as Gold sequence and compared with the results obtained using OSF. It is

found that BER performance using OSF is better than the BER performance using

normal dispersive fiber. The BER performance of the optical COMA system using

normal dispersive fiber found to be degraded significantly if the transmission

distance is increased.
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Chapter 1

Introduction

1.1 Communication System

Communication is the process of transfer of any information like voice, text, data,

picture, video etc. from one point to another. Any communication system is

composed of the following basic components:

(1) Transmitter: It manipulates the information from the message source and

couples it into a transmission channel in the form of a signal, which matches the

transfer propeliies of the channel.

(2) Channel: It bridges the distance between the transmitter and the receiver. As the

signal propagates through the channel, it gets attenuated due to thi\nsmission loss and

distorted due to various nonlinear effects and interference.

(3) Receiver: It extracts the weakened and distorted signal from the channel,

amplifies it and restores it to its original form and then passes it into the message

destination.

1.2 History of Optical Communication

The use of visible light for communication purposes has been common for thousands

of years. Ancient people used signal fires, reflecting mirrors etc. for the purpose of

communication. However, the history of modern optical communication is relatively

short. Some efforts were made from time to time to utilize the visible light as a

carrier of information but it was limited to short distance and low capacity links only.

The reason behind this was the lack of suitable light source and. the fact that

transmission of light is seriously affected by snow, rain, fog and other environmental

factors. Lower frequency electromagnetic waves (radar and microwaves) show much

~.
," "
(

\'-.'



2

smaller attenuation and hence were preferred as the means of communication in the

earlier days.

Attempts to guide the light appear to have been as early as in 1854 by producing

reflections in a curved stream of water coming out of a hole in the side of a pail. In

J 880, Alexander Graham Bell reported the transmission of speech using a light

beam. The photophone proposed by Bell, just four years after the invention of the

telephone, modulated the sunlight with a diaphragm giving speech transmission over

a distance of 200 m. But all these attempts were limited to low capacity short

distance communication. Also it was possible for anyone to intercept the signal. A

better light wave communication system would certainly need a light guided to help

preserve the signal and so increase the reliability, security and distance of

transmission. Then in 1910, a solid cylinder was envisaged to guide a wide range of

electromagnetic waves including the upper limits of visible light. Another light guide

was developed consisting of a hollow tube with a highly reflective metal coating on

its inner surface. However, these devices had high signal loss.

Experiments on glass fibers were carried out in 1930s for use as light guide. Optical

fibers were used for other purposes also, such as light conduits for card readers, in

material endoscopes, in photography etc. The possibility of fiber optic

communication was stimulated in the early 1960s with the invention of the laser. The

proposal of optical communication via dielectric waveguides or optical fibers was

made by Kao, Hockham and Werts in 1966. However at that time the idea that a

block of glass may be used for long haul communication seemed somewhat ludicrous

because of the large attenuation of normal glass. The early fibers were extremely

lossy (typicalloss-1000 dB/km). However, the situation changed drastically around

the seventies. Nippon Glass Company of Japan first developed graded index fibers in

1968. Corning Glass Works of US produced fibers in 1970 with sufficient purity for

use in telecommunication industry, having a loss of less than 20 dB/km. This. level of

attenuation seemed to be the absolute minimum to make optical fiber communication

economically feasible. Since 1970, tremendous improvement has been made leading

to silica-based tiber having very low attenuation. Progress in the fabrication

technology resulted by 1979 111 a loss of about 0.2 dB/km near the 1.55 I.UTI



3

wavelength [Miya, 1979], a loss level limited mainly by the fundamental processses

like Rayleigh scattering. By 1980s, these activities have led to the development and

worldwide installation of practical and commercially feasible optical fiber

communication systems that can carry telephone, cable television, voice, data and

other telecommunication traffics.

The increasing demand of utilizing higher frequencies led to the rapid development

of optical communication in the last two decades. Because the optical frequencies are

of the order of 1014 Hz, so optical communication has a theoretical information

capacity exceeding that of microwave communication by a factor of 10
5

Rapid progress has been made in both lowering the attenuation loss in fiber and

increasing the wavelength it can handle. Early interest in the fiber was in the 800-900

nm wavelength regions, here fibers exhibited a local attenuation minimum. Later

interests extended over a wider range of wavelengths up to 1300 nm, the second low

attenuation window in optical tiber (The first window near 850 nm was used almost

exclusively for multi mode fiber applications). In order to optimize the fiber's

performance in the 1310 nm window, the fiber dispersion was designed to be very

close to zero near that wavelength. That gave the fiber very low dispersion and

consequently very high potential bandwidth. As optical fibers became more

widespread and the need arose for more bandwidth and distance, the third window

near 1550 nm was exploited to provide for single mode fiber operation. The 1550 nm

region offers much lower attenuation (0.2 dB/km at 1550 nm vs. 0.5 dB/km at 1310

nm), but it has quite a bit of dispersion (17 ps/nm-km), which seriously limited

bandwidth. This could be overcome by using lasers with narrower linewidth. The

advancement in laser technology made such narrow linewidth high power lasers

readily available. Now-a-days almost all WDM systems operate in the i550 nm

wavelength region employing single mode fiber for operation.

The last two decades were a period of revolutionary development for optical fiber

technology. The introduction of fiber amplifiers, especially erbium doped fiber

amplifier was the first major steps toward making long-haul wavelength division

multiplexed system economically possible. This with the combination of modern

laser source and the development of coherent detection scheme, has made the optical
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tiber based communication system the major competitor of microwave and satellite

communication systems in present world.

The present is such that in the near future optical fiber communications will be the

heart of information and communication technology allover the world. The

explosive growth of internet traffic provides strong incentives to exploit the huge

bandwidth of fiber optic networks. Such requirements are presently met by

synchronous network technology/synchronous digital hierarchy (SONET/SDH) and

in ncar future are most likely to be met by ideally suited WOM and its improved

version, dense wavelength-divisioil multiplexing (OWOM) technology. And after

one or two decade when the total silica based fiber will be replaced by fiber made up

with photonic band gap material or even better technology, the communication

system will overcome its limitation imposed by today's fiber properties.

1.3 Background of this Study

In the last three decades, the explosive growth of bandwidth requirement, demands

on both the capacity and functionality of optical communication system and

networks. As a result, recently optical code division multiple access (OCOMA)

systems have experienced research interest. There are two main types of techniques

used to spectrally code and spread a data signal such as direct-sequence (OS) COMA

and frequency-hopping (FH) COMA. However, combination of the two techniques

can be used to spread the data.

Several types of modulation can be used on a COMA Optical system but most of the

research on optical COMA has concentrated on the intensity modulation and direct

detection signaling for example On-Off-Keying (OOK), Pulse-Position-Modulation

(PPM) and Overlapping PPM (OPPM). PPM and OPPM have been described

extensively on [1-8], where system bit error rate (BER) performance, achievable

throughput and other relevant system parameters can be found - usually the BER is

better than for OOK SY,stems because the pulse position multiplicity reduces the

effect of multiple access interference (MAl) in addition to good power efficiency of

PPM against OOK. However the prime disadvantages of using PPM in optical
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COMA is the decrease in transmission rate relative to the speeds available in the

laser and it worsens as the signature sequence length becomes long. The literature

for OOK-COMA is more extensive and we just point out the most relevant, like [9-

13].

In OCOMA systems with incoherent signal processing we are obliged to use

signature sequences composed of only zeros and ones. Bi-polar codes used currently

on radio networks are infeasible so we need to devise a new kind of codes which

satisfy this requirement and the cross and auto-correlation conditions. In [14-15] the

study of these Optical Orthogonal Codes is given in great detail using an analogy of

disk patterns to obtain the codes and its properties. A number of optical orthogonal

codes (OOC) have been proposed [16-18] for various OCOMA technologies.

Another family of OOC with nearly ideal correlations can be found in [19-20] with

the description of quadratic and extended quadratic congruence codes. Novel classes

OOCs are required to support independent data rate and data-format as well as time

transparent transmission in multimedia applications. Conventional OOC families are

designed to support constant bit rate applications [16],[21-23] but their

predetermined cross-correlation valid under fixed weight and code length in case of

variable-bit-rate or multiple bit rate multimedia applications. To avoid such

situations, several novel classes of OOCs were recently proposed [24-25]. These are

suitable for spectral amplitude coding, fast frequency hopping and time spreading

encoding in multimedia environment [26]. At the same time we can focus our

attention on prime sequences (PC) [27-29] and extended prime sequences (EPC) and

their performance improvements against OOe.

A unipolar-bipolar correlation allows conventional bipolar signature sequences to be

used in a sequence inversion keyed (SIK) direct sequence (OS) code division

multiple access (COMA)[30]. The conventional bipolar signature sequences exhibit

larger set sizes thereby supporting more simultaneous users and lower (MAl) than

either prime codes [31] or optical orthogonal codes [32] for the same bandwidth

expansion factor. Al1-optical parallel delay line unipolar-bipolar correlator has been

reported in [33]. The bit error rate (BER) performance of a direct sequence optical
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code division multiple access (OS-OCOMA) system with intensity modulation and

direct detection (lM/OO) transmission link using sequence inversion keyed (SIK)

switched correlator receiver has been demonstrated [34].

Phase encoded aCOMA has attracted the attention of experts on optical

communication where the carrier is phase modulated by the digital data sequence and

the code sequence. Several phase encoded aCDMA systems have been reported [35-

36]. The channel BER performance can be improved using error-correcting codes

(ECCs) [37], [38]. The channel coding involves either decreasing the symbol

duration or decreasing the information rate. The embedded modulation scheme is

needed [39], [16] to apply ECCs into the optical COMA effectively. A modified

version of the em bedded transmission (ET) scheme has been described in [16]. The

effectiveness of ET transmission with symmetric error correcting code (SEC) scheme

has been applied in [40] using PPM signaling. Another level of complexity and

performance improvement can be achieved Turbo Codes (TC) because it offers its

substantial gain over uncoded systems and. its reasonable decoding complexity as

shown in [41]. The performance evaluation using Turbo Codes (TC) on aCDMA

systcms can be found at [42-45].

A number of OS-COMA systems based upon fiber Bragg grating encoding-

decoding devices has been reported [46]. It is investigated that superstructure fiber

Bragg grating (SSFBG) technology is suitable for the generation, recognition, and

recoding of phase-encoded optical code sequences containing as many as 63 chips at

chip rates as high as 160 Gchip/s. Longer code sequences reduce the multiple access

effect (MAl) effect and higher chip rate is necessary for higher bit rate of

transmission. The SSFBG is a fiber grating with a rapidly varying refractive index

modulation of uniform amplitude and pitch, onto which a slowly varying refractive

index modulation has been applied along its length. Thus, SSFBGs can be designed

and fabricated with a wide range of complex tailored impulse-response functions

with precise amplitude and phase characteristics. Such SSFBGs can be applied for

optical-pulse processing systems [47], [48] such as OS-OCOMA code generation and
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recognition devices, and for which precise control of the amplitude and phase of the

temporal pulse profile is essential.

Fiber dispersion causes spreading of an optical pulse, which in turn degrade system

performance due to increased intcrsymbol interference and reduced received optical

peak power [49]. Recently the performance of an asynchronous phase encoding

aCDMA considering nbcr chromatic dispersion has been reported in [49]. Bit error

rate analysis of this systcm has been performed in the case of both ordinary single

mode optical fiber and dispersion shifted fiber. The numerical results demonstrate

that even though the system performance improves due the smaller width of initial

Gaussian optical pulse, the effect from dispersion is higher. The BER performance as

well as power penalty of a direct sequence optical CDMA transmission link using

intensity modulated direct detection (lM/DD) sequence inverse keyed (SIK) switched

correlator rcceivcr has been reported in 2004 [50].

During the last thirty years or so the study of nonlinear effects in the optical fibers

has led to the advent of a new branch of nonlinear optics, referred to as nonlinear

fiber optics. A large number of research projects and developments have been carried

out over the years in this field. Four-wave mixing (FWM) is a nonlinear process in

optical fibers in which beating of three wavelengths generating a fourth wavelength.

As a consequence, FWM results in cross-talk and degrades the system BER

performance [51-54]. Parametric FWM was studied about thirty years ago [Stolen

1974, 1975].The first detailed study of FWM effect in optical fiber was published by

K.a.HiIl et al in 1978 [55]. However at that time high capacity optical fiber system

was not available and the FWM effect was only a topic of academic interest.

Situation changed quickly when the long-haul optical systems for which FWM effect

is a major limiting factor began to be installed throughout the world. With the

increase of usc of optical liber extensive research took place about the influence of

FWM efTect over WDM systems. The clTect of FWM in WDM system with DSF has

been reported [56]. Equations have been developed describing the performance of

WDM systems in presence of FWM [57]. The mathematical expression of FWM

power for multistage WDM system is developed [53].
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In OS-aCOMA, multi-wavelengths generate when the optical carrier is modulated

by spreaded signal. In aliaI' the research works on aCOMA systems, mentioned

above, performance analyses are carried out without considering the effect of four

wave mixing considering the FWM noise power is negligible as compared to signal

power. But the FWM noise power increases with increasing transmitted optical

power. The aCOMA systems with higher number of simultaneous users transmit

high power, thus, FWM effect can not be neglected in that case,

1.40bjectivc of this Study

The main objectives of this thesis work are:

(1) To perform a theoretical analysis for the evaluation of the effect FWM in a OS-

aCOMA system with IM/OO using SIK switched correlator receiver.

(2) To evaluate the BER performance as a function of transmitted power per user,

number of simultaneous users, transmission distance and number of chips per bit

for a given data rate at a chip rate of 10-50 Gchip/s,

(3) To tind Ollt the cye-closer penalty for different values of transmission distance

with normal dispersive liber at a bit rate of 100 Mb/s,

(4) To determine the limitations imposed due to FWM such as maximum allowable

transmitted power per user, maximum allowable transmission distance and

maximum allowable number of simultaneous users at a BER of 10''.

(5) Finally, to determine the value of transmitted power per user to obtain minimum

BER performancc for particular number of simultaneous users.

1.5 Organization of the Thesis

The thesis consists of nine chapters.

In chapter I, a brief introduction and historical background of optical communication

systems are discussed. A review of recent works in the related field is also presented.
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In chapter 2, optical communication systems are examined in a greater detail. The

receiver configuration, modulation schemes and multichannel optical systems are

discussed.

In chapter 3, various nonlinear optical phenomenons are discussed.

In chapter 4, a brief description of FWM generation is presented. Also, a

mathematical expression of FWM power is derived for a multi-span optical system.

In chapter 5, an introduction to spread spectrum techniques and propel1ies of

different code sequences is presented. Further, OS-aCOMA system, with IM/OO

transmission link using SIK switched correlator receiver, is described briefly. Also, a

theoretical analysis is presented to evaluate the effect of FWM on BER performance

of the OS-aCOMA system.

In chapter 6, the performance results are evaluated for a OS-aCDMA transmission

link using SIK correlator receiver. The effects of different system parameters like

fiber length, number of simultaneous users, transmitted power, and number of chips

per bit on system performances are also discussed and optimum system design

parameters are eva luated.

A brief conclusion and suggestions for future work are presented in chapter 7.
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Chapter 2

Optical Fiber Communications

2.1lntroduction

Since long bandwidth (BW) has been a problem in modern telecommunication

systems with the introduction of modulation-demodulation techniques. Since optical

communication provides a very large BW, it has become the most modern means of

communication. Optical fiber communication is similar to a general communication

system. In both cases the goal is to convey signal from the information source over

the transmission medium to the destination. The communication system therefore

consists of a transmitter or modulator linked to the information source, the

transmission medium and a receiver or demodulator at the destination. Electrical

signal is the Illost easy to handle and, as such, used in communication system.

In electrical communications the information source provides an electrical signal,

derived from a message signal which is non-electrical, to a transmitter comprising

electrical and electronic components which converts the signal into a suitable form

for propagation over the transmission medium. This is achieved by modulating a

carrier. After traveling the transmission medium the signal is transmitted into

receiver where it is again transformed into the original form. Important is that in any

transmission medium the signal is attenuated, suffers loss, and subject to degradation

due to contamination by random signals and noise, as well as possible distortions

imposed by mechanisms within the medium itself. Therefore, in all such systems,

there is necessity of installation of repeaters or line amplifiers at intervals, both to

remove signal distortion and to increase level before transmission is continued down

the link.
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Fig.2.1 Optical Communication Network

In optical fiber communications the system is to be considered in greater detail. Here

the electrical signal as well as the carrier is used in forms of light, which is itself an

electro-magnetic wave. Here the information source provides an electrical signal to a

transmitter comprising an electrical stage which drives a optical source to give

modulation of the light wave carrier. The optical source which provides the electrical

_ optical conversion may be either a semiconductor laser or light emitting diode

(LED). The transmission medium consists of an optical tiber cable and the receiver

consists of an optical detector which drives a further electrical stage and hence

provides demodulation of the optical carrier. Photodiodes and, in some instances,

phototransistors and photoconductors are utilized for the detection of the optical

signal and the opto-electrical conversion. Thus there is a requirement for electrical

interfacing at either end of the optical link and at present the signal processing is

usually performed electrically.

The electrical carrier may be modulated using either an analog or digital information

signal. In such a system analog modulation involves the variation of the light emitted

from the optical source in a continuous manner. With digital modulation, however,

discrete changes in the light intensity are obtained. Although often simpler to

implement, analog modulation with an optical fiber communication system is less

efficient, requiring a far higher signal to noise ratio at the receiver end than that of

digital modulation. Also. the linearity needed for analog modulation is not always

provided by semiconductor optical sources, especially at high modulation

frequencies. For these reasons, analog optical fiber communication links are

generally limited to shorter distances and of lower bandwidths than that of digital

links.
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Initially the input digital signal from the information source is suitably encoded for

optical transmission. The laser drive circuit directly modulates the intensity of the

semiconductor laser with the encoded digital signal. Hence a digital optical signal is

launched into the optical fiber cable. The avalanche photodiode detectors followed by

a front-end amplifier and equalizer or filter to provide gain as well as linear signal

processing and noise bandwidth reduction. Finally the signal obtained is decoded to

give the original digital information.

Encoder Laser Amplificr& Decoder

Drlv,,; equalizer

Unit

'''''1 APD

Digital
Digital

Source
output

Fig. 2.2 Typical Arrangement for Optical Communication System

2.2 The features of optical fiber communication

The extremely attractive features of optical fibers communication are as follows:

I. enormous potential Band Width

II. Small size an weight

Ill. Electrical isolation

IV. Immunity to interference and crosstalk

v. Signal security

VI. Low transmission loss

VII. Ruggedness and flexibility

VIII. System reliability and ease of maintenance &

IX. Potential low cost

X. No hazards of short circuits as in metal wires

Xl. No problems when used in explosive environments
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XII. Immunity to adverse temperature and moisture conditions

Because of these advantages fiber optic communication is being currently utilized in

telephone such as loops, trunks, term'inals and exchanges, etc., computers, cable

television, space vehicles, avionics, ships, submarine cable and security and dark

systems, electronic instrumentation systems, medical systems, satellite ground

stations and industrial automation and process control. The coming development of

integrated optic technology is hoped to playa bigger part in influencing further

departures from existing concepts of electronic systems for communication, control

and instrumentation.

2.3 Components of Optical Communication System

As is clear from the above discussion an optical communication system consists of

the following main components:

I. Optical source

2. Optical modulator

3, Optical fiber as transmission wave guide

4. Optical detector

5. Demodulator
In addition, some other components like tiber amplifiers are also used in modern

optical communication systems. In the following section some of these components

are discussed briefly.

2,3.1 Optical Source
In an optical communication system electrical signals are first converted into optical

signals by modulating an optical source such as light emitting diode (LED) or laser

diode (LO).

The advantages of LED are as follows:

(i) Less sensitive to retro reflection

(ii) Possess no interference problem

(iii) Less sensitive to temperature variation.
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(iv) High reliability

(v) Simple electronic excitation

(vi) Less costly.

But the main disadvantages are:

(i) Low coupling efticiency between an LED and a fiber

(ii) Low modulation bandwidth, typically limited to 100 MHz to 200 MHz

(iii) Wide spectral width of about 50-100 MHz around 1550 nm.

The advantages of LD are:
(i) High conservation gain i.e. with small bias current relatively high power

output
(ii) Low numerical aperture and as a result high coupling efficiency.

(iii) High modulation bandwidth

(iv) Narrow spectral width (\ 0-50 MHz).

The main disadvantages are:

(i) Highly sensitive to temperature variation

(ii) Produce supplementary to return reflected power

(iii) Less reliable

(iv) More costly.
In summary, for short links «10 km) LED is suitable, but for medium and long links

LD is to be used.

2.3.2 Optical Fiber
The most important part of an optical communication system is the optical fiber.

Optical fiber is essentially a thin filament of glass that acts as a waveguide. A

waveguide is a physical medium or path that allows the propagation of

electromagnetic waves such as light. The concepts of reflection and refraction can be

interpreted most easily by considering the behavior of light rays associated with

plane waves traveling in a dielectric material. When a light ray encounters a

boundary separating two different media, part of the ray is reflected back into the

first medium and the remainder is bent or refracted as it enters the second medium.

The bending or refraction of light ray at the interface is a result of the difference in
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the speed of light in two materials having different refractive indices. The

relationship at the interface is governed by the Snell's law, as stated below.

or, n, eos BJ = n2 cos 82 (2.1)

n, and n2 are the refractive index of the two materials and n/n,. The angles BJand (h
are the angles of incidence and refraction respectively. So if a light travels from an

optically denser material to a loss dense material, the angle of refraction becomes

greater than the angle of incidence. If the angle of incidence reaches a particular

value tI" the refraction angle becomes 90° and the refracted ray emerges parallel to

the interface between the dielectrics. This angle is called the critical angle, which can

be found as follows.

i.e.

nl sin Be= n2sin 90°

Be = sin -J (n/nJ) (2.2)

Now if the angle of incidence is greater than the critical angle, all of the incident ray

will be reflected back and no refraction will occur. This phenomenon is referred to as

the IOtal internal reflee/ion. Thus the total internal reflection occurs at the interface

between two dielectrics when a light is incident on the dielectric of lower index from

the dielectric of higher index and the angle of incidence of the ray exceeds the critical

angle as shown in Fig. 2.3. This is the mechanism by which light at a sufficiently

shallow angle (less than 90°- Be) may be considered to propagate down an optical

fiber with low loss. The fiber consists of a core completely surrounded bya

cladding,(both of which consists of glass of different refractive indices. The

refractive index of the core is greater than that of the cladding, so the light travels via

a series of total internal refractions at the interface of core and cladding as shown in

Fig. 2.4. The light ray is known as a meridional ray as it passes through the axis of

the fiber core. However, the above description is an ideal one. In practice, there is

always some tunneling of optical energy through the interface. Also there may exist
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loss of light into the cladding through refraction, rather than total internal reflection,

due to any discontinuities or imperfections at the core-cladding interface.

- --,,).

Fig. 2.3 Total internal reflection

Fig. 2.4 Light propagation through fiber

Two major types of fibers are currently in use. They are stated below:

Single Mode jibers:
This fiber allows the transmission of only one mode of light through it. The core

radius of such a fiber is typically from 2 to 10 !-un. They are free from intermodal

dispersion. They are suitable for transmission with a large bandwidth and chiefly

used for long haul systems like undersea cables.
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Multimo defibers:
This type of fiber allows more than one mode to propagate through it. It has larger

core areas compared to single mode fibers. It supports smaller bandwidth and chiefly

limited to applications where transmission distance is small.

2.3.3 Optical Detectors
After optical signal has been launched into the fiber, it becomes progressively

attenuated and distorted with the increasing distance because of scattering,

absorption, and dispersion in the fiber. At the receiver the attenuated and distorted

optical power is detected by the photodiode. The figure of merit for a fiber is the

attenuation and distortion which should be minimum and for a receiver there is a

minimum optical power necessary at the desired data rate to attain either a given

error probability for a digital system or a specified signal to noise ratio (SNR) for an

analog system.
In optical communication systems, two important detection techniques are normally

employed. These are as follows:

I. Intensity modulation direct detection (IMIDO)

2. Coherent detection

Intensity modulation direct detection (IM/DD):
In direct detection, a photodetector only responds to changes in the power level (the

intensity) of an optical signal, and not to its frequency and phase content. So this is

known as intensity modulation (1M). At the receiving end, one then uses direct

detection (DO) to convert the optical signal into an electrical signal. The IMIDO

systems are simple and less costly but the suffer from limited sensitivity and do not

take full advantage of the tremendous bandwidth capabilities of optical fiber due to

relatively low optical power output of semiconductor laser diode (SLD). Direct

detection optical communication systems have been found very promising for future

deep space applications, inter-satellite links and terrestrial line of sight

communications. To increase the data rate throughput of all semiconductor free space

optical channels, extensive research for bandwidth, power efficient coding and

modulation schemes were carried out in the last decade.
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Coherent detectioll:
In coherent detection the received optical signal is combined with the light output

from a local oscillator (LO) laser and the mixed optical signal is converted to an

intermediate frequency (heterodyne) or directly to baseband by homodyne. Two

major advantages that coherent systems offer are as follows:

(i) Improved receiver sensitivity (up to 20 dB) relative to direct detection so

that either the bit rate or the repeater spacing can be greatly increased.

(ii) A high degree of frequency selectivity on optical wavelength division

multiplexing (WDM) system.

In this system information can be impressed on he optical carrier in three ways such

as phase shift keying (PSK), frequency shift Keying (FSK) and Amplitude shift

keying (ASK). These include binary PSK (BPSK), quadrature PSK (QPSK),

orthogonal QPSK (OQPSK), continuous phase (CPSK), discontinuous phase FSK

(DPFSK), Pulse position modulation (PPM), etc.

2.3.4 Modulation
In order to transmit optical signal via an optical fiber it is necessary to modulate a

property of the light with the information signal. This property may be intensity,

frequency, phase or polarization with either digital or analog signal. In analog

modulation schemes the variation of light takes place in a continuous manner but in

case of digital modulation discrete change in light wave is obtained. Although

simpler to imple(llent analog communication is less efficient, requiring a far greater

signal to noise ratio than digital modulation. Also the linearity needed in analog

modulation is not always provided by semiconductor optical sources. For these

reasons analog optical fiber systems arc generally limited to shorter distance and

lower bandwidth than digital links.

In coherent communication system, information can be impressed on the optical

carrier in one of the three ways as mentioned below:

I. Phase shift keying (PSK)

11. Frequency shift keying (FSK)

Ill. Amplitude shift keying (ASK)
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Depending on the specific application, various modulation and demodulation

formats, similar to those of traditional radio frequency communications, are also

employed in coherent light wave transmission. These include binary PSK (BPSK),

quadrature PSK (QPSK). orthogonal QPSK (OQPSK), continuous phase FSK

(CPFSK). discontinuous phase FSK (DPFSK). binary pulse position modulation

(BPPM) etc. Each of the modulation schemes and combinations thereof, with

homodyne, heterodyne or diversity receivers has its own merits and demerits and

none has emerged as an absolutely preferable.

Actually, the huge transmission capacity of single mode fibers can be exploited

efficiently by accessing the fiber bandwidth in the wavelength domain rather than in

the time domain. Among WDM systems, DWDM, in which the channel spacing is a

few times the bit rate, allows the possibility of transmitting many channels

simultaneously, increasing the transmission capacity. A sharp cutoff filter and a

modulation schemc with compact spectrum are necessary to construct densely spaced

multiplexing system using direct detection scheme.

2.3.5 Optical Amplifiers
Optical fibers attenuate light during propagation like any other material during

propagation. In the case of silica fibers the attenuation' constant is quite small

particularly in the wavelength range 1.0-1.6flm where it is less than I dB/loTI with the

minimum value of about O.2dB/km occurring at 1.55 ,UTI.Foi. applications like local

area networks the effect of attenuation can be neglected. But now-a-days optical

fibers are heavily used as the transmission medium in long haul communication,

which may have length more than several thousand kilometers. In practice the loss

limitations are overcome by periodic boosting up of the power level by repeaters.

There are two types of repeaters in use now-a-days. The first method is to use

regenerators, which convert the optical signal into electrical signal and then, after

amplitication in the electrical domain, convert it back to optical signal by a

transm itter. Much more benefit can be obtained if the electric repeaters are replaced

by much simpler and potentially less expensive optical amplitiers, which amplify the

optical signal directly.

, " :'::.
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Several kinds of optical amplifiers were studied and developed In the last two

decades. A short description of them is given berow.

1) Semiconductor laser amplifiers:

Semiconductor laser amplifiers utilize stimulated emisSion from injected carriers.

Several kinds of laser amplifiers have been used in different applications. The most

commonly used are Fabry-Perot amplifier which is an oscillator biased below

oscillation threshold, the traveling wave (TW) and the near traveling wave (NTW)

amplifiers, which are effectively single pass devices and the injection locked laser,

which is a laser oscillator designed to oscillate at the incident signal ti"equency. Such

devices are capable of providing high gain (15 to 35 dB) with low power

consumption and their single mode waveguide structure make them particularly

suitable for use with single mode fibers.

2) Fiber Amplifiers:
These amplifiers provide gain from excited dopants or by nonlinear effect like

stimulated Raman scattering or stimulated Brillouin scattering. A schematic diagram

of a general fiber amplifier system is shown in Fig. 2.5. The gain medium normally

comprises of a single mode fiber connected to a dichroic coupler, which provides low

insertion loss at both signal and pump wavelengths. Excitation occurs through

pumping from a high power laser source, which is combined with the optical input

signal within the coupler. The amplified optical signal is therefore emitted from other

end of the active medium.

Pump laser

Isolator

Pump laser

Coupler

Active
Medium

CouplerIsolator

Fig. 2.5 Block diagram ofa fiber amplifier
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Three common types of fiber amplifiers arc listed below.

1) Fiber Raman amplifiers:

It requires high pump powers (0.5 W- J W) that are not readily available from

sel11icond llctor lasers.

2) Fiber Brillouin amplifiers:

It can operate at low power levels but have too small bandwidth to be useful as in-

line amplifiers in lightwave systems.

3) Erbium Doped Fiber Amplifier.

A new kind of fiber based on silica fibers doped with rare earth ions were developed

in the late 1980s and turned out to be the most suitable for lightwave system

applications. Of these fibers the most important one is the erbium doped fiber

amplifier (EDFA), which has revolutionized the field of fiber optic communication.

By making it possible to boost up the power level of the large number of signals that

a multichannel optical system has to carry the erbium doped fiber amplifier (EDFA)

has been a key enabling technology in popularizing the WDM systems. Erbium is a

Higher Energy Level

Population
mvers 10 n

amplification

Pumping

Lower Energy Leve I

Fig. 2.6 Principle of operation of EDFA
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rare' earth element that, when excited, emits light around 1.54 11m. A weak signal

enters the erbium doped fiber, into which 980 nm or 1480 nm is injected using a

pump laser. This injected light stimulates the erbium atoms to release their stored

energy as additional 1550 nm light. As this process continues down the fiber, the

signal grows stronger. The key performance parameters of ED FA are gain, gain

flatness, noise level and output power. EDFAs are typically capable of gains of 30

dB or more and output power of +17 dB or more. In practice, signals can travel for

up to 120 km between amplifiers.

Like all optical amplifiers EDFA also amplify the incident light by stimulated

emission, the same mechanism used by lasers. In fact optical amplifier is just a laser

without feedback. Fig. 2.6 shows a typical optical amplifier. Here the dopants are

excited to a higher energy state through absorption of pump photons and then relax

rapidly to a lower energy excited state.

4) Regenerative Repeater:
These were used in optical communication system quite a period ago. Here at first at

the end of some spans of an optical link the modulated optical signal was detected

first and then again modulated to be transferred in further optical link transmission

mediums. The name is self explanatory. Here the main objective is to repeat the

optical system and to do so the optical signal was at first converted to an electrical

signal. The schematic diagram is shown below for that kind of detectors:

Opt lcal to
Electric
Signal
Converter

Optical
signal

Electric

signal

Electric

Amplifier

Electric
signal

Optical
modulator

Optical
signal

Fig. 2.7 Regenerative Repeater
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2.4 Multiplexing in Optical communication System

Huge information can be transmitted through a single fiber by using multiplexing

schemes. The different multiplexing techniques employed with IMIDO optical fiber

system arc wavelength division multiplexing (WOM), optical frequency division

multiplexing (OFOM), optical time division multiplexing (OTOM) or a. hybrid

approach to achieve tera bit per second channel capacity. Wireless COMA has been

successfully implemented, nowaday, research interest is beginning with optical code

division multiple access (OCOMA) that can further enhance the functionality of

optical networks.

2.4.1 Wavelength Division Multiplexing (WDM)
Transmitting many different wavelengths of laser light down the same optical fiber at

the same time, in order to increase the amount of information that can be transferred

is called wavelength division multiplexing (WOM). There are different types of

WOM setups. Two types such as unidirectional and bidirectional setups are discussed

below:

Unidirectional WDM:
Unidirectional WOM device is used to combine different signal carrier wavelengths

onto a single fIber at one end and separate them onto their corresponding detectors at

the other end as shown in Fig. 2.8.

Bidirectional WDM:
In Bidirectional WOM two or more waves are transmitted simultaneously over the

same fiber. It involves sending information in one direction at a wavelength A I and

simultaneously transmitting data in the opposite direction at a wavelength A 0 as

shown in Fig. 2.9.



24

Channel N

Input
Channel

Optical
UEMUX

Fig. 2.8 Unidirectional WDM System

Fig. 2.9 Bi-directional WDM System
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2.4.2 Frequency Division Multiplexing (FDM)

In FDM the optical channel bandwidth is divided into a number of nonoverlapping

frequency bands and each signal is assigned one of these bands of frequencies. The

schematic block diagram ofFDM system is shown in Fig. 2.10. The individual signal

can be extracted from the combined signal by appropriate electrical filtering in the

receive terminal. Hence FDM is usually done electrically at the transmit terminal

prior to intensity modulation of a single optical source.

2.4.3 Optical Time Division multiplexing (OTDM)

The principle of OTDM technique is to extend time division multiplexing by

optically combining a number of lower speed electronic baseband digital channels as

shown in Fig. 2.1 I.



25

Channel
1

........
Channel

N

MUX
Fiber

DMUX

Receiver
1

Receiver
N

Fig. 2.10 Typical Arrangcment for FDM System

2.4.4 Optical Code Division Multiple Access (OCDMA)

In the last decade, OCDMA systems have attention to the researchers on optical

communication because they offer several attractive features such as asynchronous

access, privacy and security in transmission, ability to support variable bit rate and

busy traffic and scalability of the network.
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Error
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Timing
recovery
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Electrical
Optical fiber
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Transmitter

Q
Q

D

Fig. 2.1 \ Four channel OTDM tiber system
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The broad bandwidth of optical fiber can be utilized in aCOMA system for very

high speed communication. In aCOMA system, a large number of separate users

share the same extended transmission optical bandwidth but they are separated by

individual specific address code signature sequence with good correlation properties.

The addressing of the users can be performed either in the time domain [direct

sequence (OS-COMA)] or frequency domain [frequency hopping (FH-COMA)].

,.
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Chapter 3

Limitations of Optical Communications

3.1 Introduction

Although optical communication system IS more advantageous there are some

limitations of optical fiber communication systems such as

(i) Fiber Chromatic Dispersion (FCD)

(ii) Optical Fiber Nonlincarities

(iii) Laser Phase Noise

(iv) Optical Amplifier's spontaneous emission (ASE) noise

Fiber chromatic dispersion and nonlinearities are described below in brief.

3.2 Fiber Chromatic Dispersion

Dispersion is a phenomenon in optical fiber light transmission which causes

distortion to both digital and analog transmission along the nber. In digital

communication the dispersion mechanisms within the fiber cause broadening of the

transmitted light pulse as they travel along the channel. We know that all the

frequency components must have proportional velocities in the fiber to maintain their

in-between relative phase relationship to be added in the receiving end in proper

phase to successfully reconstruct the signal. But velocity of propagation of light is

influenced by interaction of the waves with the atoms of the material, where the

interaction is a function of frequency. This dependence is expressed by the following

equation

c
11 :::----
g dn

n-A,--
dX

(3. I )

where v
g
is the group velocity, n is the refractive index, X is the wavelength of the

light. c is the velocity of light in vacuum. The refraction index of silica'is dependent
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upon the signal wavelength. Thus the velocity of propagation becomes a function of

wavelength and so different frequency components will travel at different velocities.

The time delay between different spectral components causes spectral broadening of

the optical signal and overlapping of adjacent pulses. After certain overlap, the

adjacent pulses can no longer be individually distinguishable as shown in Fig. 3.1.

This is known as intersymbol interference (lSI) [51], [58-59]. Chromatic dispersion

can severely limit information capacity of an optical fiber transmission system.

Dispersion effect becomes significant in single mode fibers for bit rates higher than 4

GHz.
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i \
II
,I II III I " I, , ,

\,.' , I

Time

(a) Input pulses

...6....fnplitude

I
'I

Inter Symbol Interference (lSI)

(b) Output pulses

Fig.3.1 Effect of dispersion

There are basically two types of dispersion:
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1) I/1terl11odal dispersio/1: In a multimodc transmission systcm, as each modc has a

differcnt group velocity at a single frequency, this sort of dispersion results. In a

purely single mode fiber this type of dispersion is absent.

2) !lItrwnoda/ dispersion: Within a single mode, because of group velocity being a

l"unction of wavelength this type of dispersion takes place. This is commonly

known as the chromatic dispersion.

Chromatic dispersion again can be separated .into three parts:

I) Material dispersio/1 (DM): It arises from the variation of the refractive index of

the core material as a function of the wavelength. It occurs when the phase

velocity of a plane wave propagating in the fiber varies nonlinearly with the

wavelength. It is the principal factor causing dispersion.

2) Waveguide dispersio/1 (Dw): It results from the variation in group velocity with

wavelength for a particular mode. Multimode fibers where the majority of modes

propagate far from cut off are almost hee from wavcguide dispersion. However

in single mode fibers this kind of dispersion can be quite significant.

3) Pr'!file dispersio/1: It originates from the refractive index profile of the fiber. Its

contribution is usually quite insignificant and usually neglected in practice.

Total dispersion or the liber can be obtained by adding material dispersion and

waveguide dispersion as shown in Fig. 3.2. Intra-modal or chromatic dispersion may

occur in all type of fibers and results from the finite spectral line width of the optical

source. Since optical sources do not emit just a single frequency but a band of

fi'equencies (for LASER corresponds to only a fraction of a per cent of the center

frequency, whereas LED corresponds a significant percentage), then there will be

propagation delay duc to variancc in velocity between the different spectral

components of the transmitted signal. This causes broadening of each transmitted

mode and hence intra-modal dispersion. The delay differences may be caused by the

dispersive properties of the waveguide material (material dispersion) and also

guidance effects within the fiber structure (waveguide dispersion).

A wide variety of single-mode fiber refractive index profiles are capable of

modification in order to tune the zero 'dispersion wavelength point to a specific
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wavelength within a region adjacent to the zero-material dispersion point. It is

evident that it is appreciable to make the central ji'equency reside at zero dispersion

wavelengths. Now total dispersion is the algebric summation of the dispersion due to

material and due to waveguide structure. A general SiO, fiber have its zero

dispersion wavelength at about 1.375 I-Ull but this wavelength is not preferable in

optical fiber because this wavelength is not generally associated with preferable light

wavelength range and generally available LASER and LEOs. In the simplest case the

step index protile gives a shift to longer wavelength by reducing the core diameter

and increasing fractional index dilTerencc.
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Fig.3.2 Chromatic dispersion characteristics of standard SMF [58]

We want zero dispersion wavelengths at a wavelength of 1.55 fll11 because

attenuation at this wavelength is minimulll. We have no hand on the dispersion due

to material but we may slightly alternate the dispersion characteristics due to

r.
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waveguide structure by modifying the waveguide structure. As such, we shall alter

the dispersion characteristics due to the waveguide structure so that the total

dispersion characteristics i.e. the summation of dispersion duc to material and due to

waveguide have a zero dispersion wavelength at 1.55 )11TI as shown in Fig. 3.3. This

typc of optical fiber is known as dispersion shiftcd libcr. Further it is evident that as

the material dispersion characteristics curve has a positive slope, the waveguide

dispersion characteristics curve should be negative and preferably have negative

slope. Now for higher performance in the optical fiber communication the dispersion

should be as little as possible so that thc all frequency components maintain their

phase relationships. As such. we may alter the wavcguide structure to get the best

dispersion characteristics.

'rotal actual dispersion

l. 55 l-l11l

Modified waveguide dispersion

_____________ ~~In

•••••• , waveguide dispersion.•.......••.
,;It •••••••••••••••

........................
••....

.............

Material dispersion

......• -
.....

dispersion

Fig. 3,3 Optical Fiber Dispersions

3.3 Fiber Nonlinearities

Fiber nonlinearities arise from two basic mechanisms. The first, and most serious. is

the fact that the refractive index of glass is dependent on the optical power going



through the materia!. The general equation for the refractive index of the core in an

optical fiber is:

(3.2)

where no is the reti'active index of the fiber core at low optical power levels, N2 is the

nonlinear refractive index coefficient. It is equal to 2.3Sxl 0.20 m2;W for silica, P is

the optical power in watts. ;J'lIis the effective area of the fiber core in square meters.

It can be seen that the magnitude of the change in refractive index is relatively small.

It becomes important since the interaction length in a real fiber optic system can be

hundreds of kilometers. The power-dependent refractive index of silica gives rise to

the SPM, XPM and FWM nonlinearities.

The second mechanism for generating nonlincarities in fiber IS scattering

phenomena. These mechanisms give rise to SBS and SRS effects.
Fiber nonlinearities that now must be considered in designing state-of~the-art fiber

optic systems include stimulated Brillouin scattering (SBS), stimulated Raman

scattering (SRS), four wave mixing FWM), self-phase modulation (SPM) and cross

phase modulation (XPM): Different types of fiber nonlinearities are discussed shOt1ly

here:

3.3.1 Stimualated Brillouin Scattering (SBS)
Stimulated Brillouin scattering (SBS) is a fiber nonlinearity that imposes an upper

limit on the amount of optical power that can be usefully launched into an optical

fiber. The SBS effect has a threshold optical power. When the SBS threshold is

exceeded, a significant fraction of the transmitted light is redirected back toward the

transmitter. This results in a saturation of optical power that reaches the receiver. as

well as problems associated with optical signals being renected back into the laser.

The SBS process also introduces significant noise into the system, resulting in

degraded BER performance [60-61]. As a result, controlling SBS is particularly

important in high speed transmission systems employing external modulators and

continuous wave laser sources. It is also of vital importance to the transmission of



1550 nm-based CATV transmission, since these transm ittcrs olien have the very

charactcristics that trigger the SBS effect levels that can be carried over the fiber.

3.3.2 Stimulated Raman Scattering (SRS):

Stimulated Raman Scattering occurs when a large pump wave is co-injected at a

lower wavelength than the signal to be amplitied. In SRS incident light is scattercd at

a down shifted (stoke shifted) frequency [52], [63]. This process is strongly

dependent on the power of the incident beam, called the pimp. As thc pump power

increases the scattering increases until the scattered power rcaches a threshold level.

If the pump power is increased beyond this limit the scattering becomes stimulated

and the pump rapidly losses its power to thc Stoke-shifted beam. The pump is thus

depleted due to SRS.

3.3.3 Self Phase Modulation (SPM):

SPM is a phenomenon that is due to the power dependency of the refractive index of

the tiber core [51]. It interacts with the chromatic dispersion in the tiber to change

the rate at which the pulse broadens as it travels down the tiber. Whcreas increasing

the tiber dispersion will reduce the impact of FWM, it will incrcase the impact of

SPM. As an optical pulsc travcls down thc tibcr, the leading edge of the pulse causcS

the refractive indcx of thc !lber to rise causing a blue shift. The t~11lingedge of the

pulse decreases the refractive index of the tibcr causing a red shift. These red and

blue shifts introduce a frequency chirp on each edge which interacts with the liber's

dispersion to broaden the pulse.

3.3.4 Cross Phase Modulation (XPM):
Cross phase modulation is very similar to SPM except that it involves two pulses of

light, whereas SPM needs only one pulse. In XPM, two pulses travcl down the !lber,

each changing the refractive index as the optical power varies. If these two pulses

happen to overlap, they will introduce distortion into the other pulses through XPM.

Unlike, SPM, fiber dispersion has little impact on XPM [63]. Increasing the fiber

effective area will improve XPM and all other tiber nonlinearities.

.}£'~{~':J
"<
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3.3.5 Four Wavc Mixing:
When three intelligence lights passesthrough an optical transmission system a fourth

light hcql1ency is produced by the interactions among those three intelligence lights

[52-57]. The newly produced light is known as FWM light and thc phenomenon is

known as FWM. A light frequency.lr of an FWM light which is gcncrated by third

order non-linear effect is related to three signal light frcql1encies/J. .12 and J; as

follows.

.I~ = f" =.1: + ff - f:, i,j"" k (3.3)

Four wave mixing will be discussed in details in the next chapter.
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Chapter 4

Four Wave Mixing

4.1 Introduction

Four-wave mixing (FWM) is a nonlinear process in optical fibers in which generally

three signal frequencies combine and produce several mixing products. It originates

from the weak dependence of the fiber refractive index on the intensity of the optical

wave propagating along the fiber through the third order non linear susceptibility. If

three signal waves with frequenciesfr, ,f'l.f,. arc incident at the fiber input, new waves

are generated whose frequencies are

fr,q,= fr,+h-j,. (p, q, r = 1, 2, 3 ) (4.1 )

Here we exclude hqr with p=r or q=r where interruptions from other channels to

signal do not happen. As a result, we will examine FWM lights with the frequency of

h21,J3,2 •.f2l3,fm,h31,fm,f22l,ji 13, andfi 12 which are shown in Fig. 4.1.

fll3 fl12 f113 fl

6.13

f223 fm f2

f3\2

f221 f332 Optical frequency

Fig. 4.1 Generated waves through fiber four wave mixing
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Note that the number of the FWM lights is enhanced drastically with an increase in

the number of frequency components in transmitted signal. This is called "four wave

mixing" since three waves interfere to provide a fourth wave. Again it is sometimes

called "four photon mixing".

4.2 Effect of FWM

The first effect is that signal power is reduced in order to produce the mixing

products. This is known as power depletion. In multi-wavelength optical system

FWM products can destructively interfere with the signal, causing major signal

effects. And hence deteriorate the system performance. Let's say we take three

frequencies named as p=l, q=2, r~3. As a result the three co-propagating waves will

give rise by FWM to nine new optical waves with the frequencies of 1321,1312,1213,

/332, /331, 1m, /321, 1113, and 11l2. It reveals that from the above that from every three

wavelengths there would be nine FWM lights produced i.e. 'c, x 9 = 9. So if we take
four channels it may appear that the resulting FWM lights would be 4C, x 9 = 36.

But actually the case is not like that. There will be some repetitions in the FWM light

calculation formula which must be eliminated.

Let four frequenciesla,fi,fc andld' The detailed explanation ofFWM lights produced

is as follows:

TABLE 4.1: The FWM frequency combinations

Row No. i=a, j=b, k=c i=b, j=c, k=d i=c, j=d, k=a i=a, j=b, k=d

1 lab' =10+I-fc Ib'd=fi+fdd I,da =fc +jd-j;, j;,bd~/a+fi-fd

2 Ibm =fi +fc-fc, I'db =fc +fd-Ib Ida, =Id+j,-fc fida=lb+lcrj,

3 j;"b =j, +fc-fi fide =fi +Id-j fcad=fc +fa-jd ladb~j,+lcrfi

4 laab=fc,+fa-fi fibe =fi +fb-fc fcca~Ic +fc-j;, laab~10+fa-Ib

5 /a", =j;,+j;,-fc Ibbd~/b+fb-Id fccd~fc+ldd fc",d~la +j;,-fd

6 Ibbc=fi +fb-fc fc'b=fc+fc-fi Idda~jd+Id-j;, fibd~fi+fi-fd

7 fiba =fi+ fb-fc, fced=le+fc-fd Idde~jd+I crfc fiba ~fi +fb-fc,

8 fcm =Ic +le-Ia jddb=Id+fa-fb fcoae~j,+I,,-fc jdda~Id+Id-fa

9 jeb=fc+fc-fb jdde~Id+Id-fc j",d~ 10+j,-jd Iddb~/d+I crib

!'~ ~
~,
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If F is the total number of wavelengths in a transmitted signal then total number of

generated FWM lights is given by [63]

(4.2)

The number of FWM products increase sharply with the increase of wavelengths as

shown in Fig. 4.2.
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Fig. 4.2 Number of FWM Lights with increasing number of wavelengths

4.3 Mathematical Analysis of FWM

In multi-wavelengths optical communication networks FWM degrades the

performance by causing crosstalk and imposing restrictions on the input power.

When light propagates in optical channel of uniform chromatic dispersion with

wavelengths centered around the zero dispersion wavelength the phase matching

criteria is matched and, as such, FWM is generated efficiently. When amplifiers are

used in a regular interval of optical fiber span the generated FWM power is amplified

and accumulated throughout the optical medium while transmitting. In actual

f
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terrestrial transmission lines the each repeater span is a composition of a number of

short length fibers with different and varied zero dispersion wavelengths independent

of each other. And, as such, the efficiency of FWM will be different in each of those

short length fibers of non-uniform chromatic dispersion. Here we shall analytically

analyze FWM expression and evaluate channel crosstalk with randomly chosen

dispersive fibers and probability of input powers.

4.3.1 Calculation ofFWM Power

Section I Section 2 Section M-I Section M

Set) o v-O--t>-n--
OAI OA2

o [>~O~Si_(t)
OA#(M-l)

Fig. 4.3 Typical optical transmission line, OA: Optical amplifier

Here the analytical analysis for fiber FWM in multi-amplifier systems with uniform

chromatic dispersion starts. Let's consider a model - the total transmission line

consists of M section, as such, requiring a number of (M-l) amplifiers with equal

repeater span throughout the system. Each repeater has an ampl ifier to compensate

the power loss of the section just before the amplifier. As such, the power input at the

beginning of each section is essentially equal. The length of each fiber is also equal.

There are some assumptions before we proceed:
I. The polarization states of each optical frequency sources-lights are

matched throughourthe transmission system.

11. The dispersion characteristic throughout each fiber length is uniform.

III. The amplifiers are tuned to compensate the power loss in each section

before, to have a constant input power at the beginning of each section.

IV. For simplicity polarization mode dispersion will be ignored

For every three light frequency components the fourth wave light will be evaluated

by the frequency

(4.2)
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where]i.- is the fourth wave light frequency and fp,j" and f, are the three light

frequencies of transmitted signal.
f(lII)

Let a is attenuation constant co-efficient of fiber, p is propagation constant for fp

j3llll}
light in the m-th section, " is propagation constant for fq light in the m-th section,

p(!I!) P(III)

, is propagation constant for f,. light in the m-th section, F is propagation

constant for FWM light in the m-th section, kj is FWM efficiency co-efficient, Mis

the number of sections L is length of each fiber, E;:'l is the intensity of electric field

of fp light in the beginning of m-th fiber section, E,;ml
is the intensity of electric field

of fq light in the beginning of moth fiber section, E;ml
is Intensity of electric field of

£(111)

f,.light in the beginning of m-th fiber section, /. is Intensity of electric field FWM
JIm) .

generated in nth fiber in mth section and " is zero dispersion frequency of m-th

fiber section c is the light velocity, n is the refractive index, A is the guide wavelength

and Dc is the fiber chromatic dispersion.

Phase difference for DSF can be written as,

Lip(:II) P(III) + p(lII) - p(lII) - p(:I/)
/. = t> q r I' =

(4.3)

To simplify the calculations another assumption is as follows

FWM light at the end of the transmission line is composed of FWM lights generated

in each fiber and linearly propagated through the remaining part of the system.

As such, we are to calculate the FWM light in each fiber in each sections an then

after linear propagation, sum them at the end ofthe transmission line.

Firstly we shall derive a general formula for the FWM light at the end of m-th fiber

section then we get by integrated mathematics. FWM electric field at the end of the

m-th fiber is given as
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E
'
''') ~ kE

'
''') E

'
''') Elm)' ex [(_ a + i[JI:") )LJ 1-exp[(- a + iil[J;m) )LJ (4.5)

j- .I II if r P 2 /- _ .A[J{m)a 10. F

where k
f

~i(2tr) DX, c is light velocity, D is degeneracy factor and X is third order
nA

non-linear susceptibility. The each light field at the m-th fiber section is given by

E';") ~ E~ exp[~ (i[J~il)L]

E,;m) ~ E;, expl~ (i[J,;;))L]

E;m) ~ E; expl~ &[J;;))L]

(4.6a)

(4.6b)

(4.6c)

where E I is the field at the beginning of the first fiber section for the corresponding

light.

Substituting (4.6) in (4.5) we get

E;~') ~ krE~E;E;' exp l~ i([J~j) + [J,;;) - 13;;)) L ]exp [( - ~ + i[J;,m)) L]

1-exp[ (-a + iil[J,I~')) L Jx--~-----~a - iil[J;~')

~ krE;,E;,E,~' exp[ ( - ~ + i13;"')) L Jexp [~ (i ([J~j) + [J,;j) - [J;j) - [J;/I) + i[J,II)) L ]

l-exp[ (-a + iM~~'))LJ
'APlm)a -lu F

]
1- exp[(-a + iil[J;m)) LJ

(iil[J,j) +i[JU))L --~-----~
I-}- 'A[J(m}a - lo. F

(4.7)
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The above equation gives the expression of the FWM produced in the m-th fiber

section and this FWM light linearly propagate to the end to be summed with the
. . . E(m)

FWM lIghts produced In the other fibers section. If Ie be the FWM produced

at the m-th fiber section, at the end of the whole transmission line

From (4.7) and (4.8)

Elmll = Elm)eXP[i ~/3(k)]
I- m=M /, L..J }.

k"'m+!

(4.8)

E(m) I =k El E1 El* exp[(- a +i/3(m))L]exp[mf
l

(it:./3(m) +iim))LJF m=M f p q r 2 F j=1 F F

1 - exp[( - a + it:./3~m))L J [ . if k ]
__ -=-'- ~exp I L: /3()

a it:./3(m) . k=m+1 F- F

* aL [m-l . J 1-exp[( -a + it:./3~m))LJ
=k E1 El E~ exp(--)exp L: it:./3(j)L --~-----~f p q 2 }'-1 F 'A/3(m)- a-I", F

eXP[i ¥ /3(k)]k=l F (4.9)

At the end of the transmission line the total FWM light will be got by the

following summation.

M

£1; LOlal=L E~.~I)lll/=M

lII=l

M * (aL ) [m-l (')]= "k E1 E1E1 exp -- exp L: it:./3} L
L. f P q r 2 '=1 F
m=l }
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(4.10)

The above equation corresponds to intensity. The following equation will give

power

1024".' ( . )' P/'"P,P'.WM = 4 " DX , exp(-aL)
n /l c A'J!

M [m-1 .] l-exp[( -a + i!'>ip) )LJ [M k]'.Lexp I i!,>j3Y)L . m exp i I j3~) (4.11)
m=1 ;=1. . a -1!,>j3~ ) k=1

where A'ff is effective mode area, PI' is input power of II' light, P'I is input power

of Iq light and P, is input power of I, light.
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Chapter 5

Analysis of Optical Code Division Multiple

Access (OCDMA) Transmission System

5.1 The Principle of Spread Spectrum

In spread spectrum techniques, a modulated signal is further modulated (spreaded) by

a noise-like code of much higher bit rate in such a way as to generate an extended

bandwidth signal that does not significantly interfere with other signals and

resembles white noise. Bandwidth expansion is achieved by a second modulation

means. The receiver can only detect the signal and extract it from noisy signal if it

knows the spreading code (signature sequence) that has been used to spread the

signal.

The term spread spectrum has been used in a wide variety of military and commercial

communication system. In spread spectrum systems each information signal requires

significantly more radio frequency (RF) bandwidth than a conventional modulated

signal would require. The benefits of using spread spectrum techniques are:

• Improved interference rejection

• Code division multiplexing for code division multiple access (CDMA)

application .

• Low density power spectra for signal hiding

• High resolution ranging

• Secured communication

• Lower cost of implementation readily available IC (Integrated Circuit)

components.
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5.2 Radio Frequency Communications Spread Spectrum Techniques

The most commonly employed spread spectrum modulation techniques in electrical

domains are:

• Direst sequence spread spectrum (DS-SS), including CDMA

• Frequency hopped (FH) spread spectrum, including slow frequency

hopping (SFH) and fast frequency hopping (FFH) system .

• Carrier sense multiple access (CSMA) spread spectrum

• Time hopping

• Hybrid Spread Spectrum Method

in mobile radio systems and wireless local area networks (WLAN), direct sequence,

frequency-hopped CDMA, ands CSMA methods have been extensively used. Brief

description of direct sequence and frequency hopped spread spectrum techniques is

given below.

5.2.1 Direst Sequence Spread Spectrum
Direct sequence CDMA is automatically associated to a spread spectrum

communication system. The message is first modulated by traditional amplitude,

frequency or phase techniques. A pseudo noise signal is then used as a code sequence

(PN code) to spread the modulated waveform over a relative wide bandwidth. The

signal message may be also coded by the code sequences and after that, modulated

by a BPSK (for example) waveform. A schematic block diagram of direct-sequence

spread spectrum system is given in figure 5.1 (a) and 5.2 (b). The digital binary base-

band information, d(I), also known as nonreturn to zero(NRZ) data, having a source

bit rate of Rb=l/Tb, modulated by BPSK (for example) in the first modulator. d(l) is

an unfiltered binary signal having two states +1 or-1. The direct sequence spread

spectrum may be obtained by multiplying the modulated signal signal S(I) by a

pseudorandom noise signal g(i) having a chip rate of Re = 1/ Te. Transmitted signal

can be written as

SIX (I) = S (1).g(l) (5.1 )
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Fig 5.1 (a) Direct Sequence Spread Spectrum Block Diagram (Transmitter)
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Fig. 5.2 gives an example of this modulation in time domain as well as frequency

domain. The effect of multiplication of BPSK modulated signal with PN sequence g

(I) is to spread the bandwidth Rb of S(I) to a bandwidth of Re. The spread spectrum

signal can not be detected by a conventional narrow band receiver.

In the receiver, the received signal S,(I) is multiplied with the PN signal g,(I). Ifg,(I)

= g(l) and synchronized to the PN sequence in the received data, than the recovered

binary data is produced on d,.(I). The spread spectrum demodulation is shown in

Figure 5.3 in time domain as well as frequency domain. The effect of multiplication

of the spread spectrum signal Sr(l) with the PN sequence g(l) used in the transmitter

is to despread the bandwidth of Sr(l) to E~. If g,(/) * g(t), then there is no

dispreading action. The signal d,.(I) is spread spectrum, thus, a receiver not knowing

the PN sequence of transmitter can not reproduce the transmitted data.

5.2.2 Frequency Hopped Spread Spectrum

In frequency hopping spread spectrum, the. chips, that compose the code sequence

assigned to a given user, are modulated in frequency. Each of the N chips

corresponds to a sinusoidal waveform whose frequency is chosen pseudo-randomly

from a given set offrequencies. In addition to the appropriate codewords choices, the

frequency hopping model may be reduce the multi access interferences created by the

users messages. Frequency hopping model is considered as slow when several data

bits are transmitted at the same frequency. In opposite, frequency hopping model is

considered as fast when the chips, in one bit, are transmitted at different frequencies.

Fig. 5.4 shows how slow frequency hopping CDMA operate.

5.3 Spread Spectrum as a Multiple Access Techniques

There are a number of spread spectrum techniques, depending on the domain in

which the signal space is shared among the remote users:

• FDMA - frequency division multiple access

• CDMA - code division multiple access

• TDMA - time division multiple access
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• SDMA - space division multiple access

• PDMA - polarization division multiple access

DPSK- m("h'Jation
~\'11\>'efnmt

• S(t)

----+---.-1 ..-..-
A g(t)

~,'.O;-

j ..

Fig. 5.4 Frequency hopped spread spectrum

In FDMA each user gets allocated a frequency channel for its sole use, in TDMA it is

a time slot in time frame. In CDMA all users transmit in the same frequency band for

all time, but they are separated by the codes allocated to them. The last two multiple

access techniques are never used on their own, but combination with the first three to

enhance the system capacity.
The advantage of CDMA for personal communication services is its ability to

accommodate many users on the same frequency at the same time. As we mentioned

earlier, a specific code is assigned to each user and only that code can demodulate the

transmitted signal. Multiple accesses in CDMA can be two ways:

• Orthogonal Multiple Access

• Non-orthogonal Multiple Access or Asynchronous CDMA

5.3.1 Orthogonal Multiple Access
Orthogonal multiple access is used In synchronous CDMA in which each user IS

assigned one or many orthogonal waveform derived from an orthogonal code. Since
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the waveforms are orthogonal, users with different codes do not interfere with each

other.

Orthogonal Codes:
Walsh set is one of the most important set of orthogonal code. Walsh functions are

generated using an iterative process of constructing a Hadamard matrix starting with

HI = [OJ. The Hadamard matrix is built by:

H = (Hn Hn)
2n H Hn . n

Walsh-Hadamard codes of length 2 and 4 are given below.

H2= (~n
H - (~

0 0

D1 0
4- 0 0 1

0 1 1

From the corresponding matrix, the Walsh-Hadamard codewords are given by the

rows. Polar form can be achieved from the binary data of Walsh-Hadamard

codewords mapping O's to 1's and 1's to -1.

Walsh-Hadamard codes are orthogonal codes with different spreading factors. This

property becomes useful when we want signals with different spreading factors to

share the same frequency channel. However, the auto-correlation cahracteristics of

Walsh-Hadamard codewords is not good one because it can have more than one

peak. Thus, it is not possible for the receiver to detect the beginning of the codeword

without an external synchronization scheme. Power spectral density of Walsh-

Hadamard codes is concentrated in a small number of discrete frequencies and cross-

.correlation can also be non zero for a number of time shifts. Thus, Walsh-Hadamard

codes do not have the best spreading behavior and un-synchronized users can

interfere with each other. This is why Walsh-Hadamard codes can not be used in

asynchronous COMA.
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5.3.2 Non-Orthogonal Multiple Access
Non-orthogonal multiple access is used in asynchronous COMA. The code sequences

which have good spreading behavior, balance property, higher number of

independent sequence, autocorrelation and cross-correlation property is used for

asynchronous COMA. PN sequences are used to spread the spectrum. Gold

sequences and m-sequences are in the family of PN sequence but Gold sequences is

in particular popular for non-orthogonal COMA

m-Sequence:
Maximal length shift resister sequences are still of importance in digital

communications and in spread spectrum and ranging systems. The widely used

hardware implementation of a PN sequence generator and corresponding correlator

and matched data filter register has been shown in Figure 5.5. The generator contains

type 0 flip flops and is connected so that each data input except 00 is the Q output of

the preceding flip flop. Not all Q flip flop outputs need be connected to the parity

generator (indicated by the dashed lines). The number offlip flops n and the selection

of which flip flop outputs are connected to the parity generator determine the length

and the characteristics of the generated PN sequence.

Parity
generator

0,
Qo

Q,
0, 0,

Qn-l
On-I.

Qn-

Fig. 5.5 Hardware of a pseudo-noise (PN) generator

The parity generator provides an output logic 0, when an even number of inputs are

at logic 0 and generates logic 1 output when an odd number of inputs are at logic I

state.
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Properties aim-sequences:

(1) Balance property
In each period of the sequence, the number of binary ones differs from the number of

binary zeros by one digit. In m- sequence number of ones is 2n-1 and number of zeros

is 2n-1_1 where n is number of flip-flops. For example, 1110010 is a 7 chip m-

sequence in which number of ones is 4 and number of zeros is 3.

L:g(t) =L:1+ 1+ 1-1-1 + 1-1 = 1

when modulating a carrier with a m-sequence, one-zero balance (DC component) can

limit the degree of carrier suppression obtainable, because carrier suppression is

dependent on the symmetry of the modulating signal.

(2) Sequence length
For maximal length linear codes, it is always possible to find a set of connections

from flip-flop outputs to the parity generator that will yield a maximal length

sequence of

L = 2ui -1m
(5.2)

where nf is the number of flip-flops. A specific connection diagram of flip flop

outputs to the parity generator input illustrated in Table 5.1. The resultant maximal-

length PN sequence Lm is between 7 & 32767 bits.

(3) Independent sequence
One possible logic design connection is illustrated in TableS_I. There are many

possible connections the parity generator, which has small correlation with one

another. The upper bound S of the number of independent sequence is given by

( 5.3)
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Table 5.1 Numerical values are illustrated in Table

Number of stages nJ Sequence Length S=Number of D for L = 2"/ - 1o 11/

L = 211
/ -1 m- sequences In fig. 5.5

'"

3 7
------~--------

2 Q, <S! Q2

4 15 2 Q, <S! Q3

5 31 6 Q, <S! Q,

6 63 6 Q, <S! Q,

7 127 18 Q, <S! Q6

8 255 16 Q, <S! Q, <S! Q3 <S! Q,

9 511 48 Q4 <S! Q,

10 1023 60 Q, <S! Q9

I 1 2047 176 Q, <S! QIO

12 4095 144 Q, <S! Q9 <S! QIO <S! Q"

13 8191 630 Qo <S! QIO <S! Q" <S! QI2

14 16383 756 Q, <S! Q" <S! QI2 <S! Q'3

15 32767 1800 Q'3 <S! QI4

(4) Autocorrelation property
The m-sequences have an interesting cyclic or periodic autocorrelation property. The

origin of the name pseudo noise is that it has an autocorrelation function very similar

to that of white noise signal. The auto correlation function of m-sequence is - 1 for

all values of chip phase shift T, except for the [-1, +1] chip phase shift area, in which

correlation varies linearly from the -1 value to L", = 2"1 -1 (the sequence length).

Replacing each 0 by -1and each 1 by + I, then the periodic correlation function is

given by

R (,) = {2"1 -1, , = 0
-1,,;tO

(5.4)
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7 bits

•• "1 0 0 0

Shin
0

J
No. of
Agreements (A)~7
Disagreements(D)~O
A-D~7

Shift 1
1 bit

--+ 1A = 3
D=4
A-D =-1

Fig. 5.6 Auto correlation of? chip m-sequence with shift 1

Table5.2 Reference Sequence: 1110010

Shift Sequence Agreements(A) Disagreements(D) A-D

0 1110010 7 0 7

1 0111001 3 4 -1

2 1011100 3 4 -1

3 0101110 3 4 -1

4 0010111 3 4 -1

5 1001011 3 4 -1

6 1100101 3 4 -]

For an nJ = 3 stage shift register generator, generating a 7 bit maximal length

pseudorandom code, with a chip rate of 10 Mc/s and a 7 bit reference sequence

1110010.

Time domain agreements (A) and disagreements (D) for shift T = 0 and T = 1 is given

in Fig. 5.6 which shows A = 7 and D = 0 for "f = 0 but A = 3 and D = 4 for "f = 1 .

The table of the number of agreements (A) and disagreements (D) by lining up the
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shifted autocorrelation code sequence in one bit increments is given in table 5.2.

Auto-correlation function is shown in Fig. 5.7.

A-D

7

-1

Fig. 5.7 A peak amplitude due to auto-correlation

(5) Cross-correlation property

Cross-correlation is the measure of between two different codes. This property is

very important for asynchronous CDMA because multiple access interference (MAl)

depends on this property. Unfortunately, cross-correlation is not so well behaved as

auto correlation. The cross correlation between two different m-sequences: 1110010

and 1001110 is shown in Figure 5.8. When large numbers of transmitters, using

different codes, are to share a common frequency band, the code sequence must be

carefully chosen to avoid interference among users.
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\
o

shift
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Fig. 5.8 The cross correlation between two different m-sequences of 1110010 and

100110.

Gold sequence:
Gold-sequences are more suitable than m-sequence for multiple user CDMA systems.

They offer a large number of sequences sets with good cross-correlation properties

between the single sequences. Gold sequences have only three cross-correlation

peaks, which tend to get less important as the length of the code increases. They also

have a single auto-correlation peak at zero, just like ordinary PN sequences.

The gold sequences are generated by modulo-2 addition of two m-sequences of same

length clocked by the same chip-clock (Figure 5.9). Since both m-sequences have

equal length Lm and use the same clock, the created the gold sequence is of length Lm

and use the same clock. If nJ is the number of stages in each m-sequence generator

then the length of generated Gold sequence

L = 2"r -1m
(5.5)

'f..
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It can be shown that for any shift in the initial conditions between the two m-

sequences a new gold sequence is generated. Thus a gold sequence generator

combining two different m sequences can create a number of different L = 2"1 -Im

Gold sequences. But all of them have no good cross-correlation property. The m-

sequences pair which gives only three cross-correlation peaks is used to generate

Gold sequence.

Clock
fc

m-sequence
generator 1

m-sequence
generator 2

m-sequence-l

Gold
sequence= m-
sequence-118i
m-sequence-2

m-sequence-2

5.4 Optical CDMA

Fig. 5.9 Block diagram of Gold sequence Generator

We have seen very rapid development of the Internet and the information

superhighway, all over the world. The growth rate in the bandwidth demand is at a

speed faster than Moore's law, which is used to describe the improvement rate of

Silicon integrated circuits. In order to meet these needs, Optical communication is an

attractive solution. Most optical research work is focused on the use of wavelength

division multiplexing (WDM), optical time division multiplexing (aTOM) or a

hybrid approach to achieve tera bit per second channel capacity. Recently, there has

been a lot of interest in applying the concepts of CDMA to optical fiber

communication systems that can further enhance the functionality of optical

networks [41], [43].
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The aun of Optical Code Division Multiple Access is to take benefit of radio

frequency communications COMA techniques to share the huge optical bandwidth.

Specific constraints associate to the optical communication systems have to be taken

into account while preserving the advantages brought by this technique, principally:

• improvement of multiplexing capacity

• more flexible bandwidth usage

• higher granularity and scalability within optical network

• improved crosstalk performance

• asynchronous access

• potential for improved system security

• Resource sharing

• Cost reduction of network installation.

OCDMA is the spread spectrum technique in optical domain that permits a large

number of separate users to share the same extended transmission optical bandwidth

but to be individually addressable through the allocation of specific address code

signature sequence with good correlation properties [47]. In radio communication

systems, bipolar sequences are used as codes to modulate data streams. These

sequences are composed by [I, -I] chips and are strictly orthogonal in the

synchronous case. However, this orthogonality may be degraded in asynchronous

systems. In optical communications, bipolar sequences cannot be used to code data

streams due to square law of optical detection. In optical CDMA, unipolar code

sequence is used to encode the data streams.

The encoding can be performed either in the time domain (OS-OCOMA) or

frequency domain (FH-OCOMA). In OS-OCOMA each data bit to be transmitted is

defined by a code composed of sequence of pulses. The individual pulses comprising

the coded bit are commonly referred to as chips. The encoded bits are then broadcast

onto the network but are only received by the simple match filtering within the

receiver. By contrast, in FH-OCOMA, the carrier frequency of the chip is changed
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according to a well defined code sequence that can once again be suitably identified

by an appropriate receiver.

There are two categories in Optical COMA, the first one use coherent detection

(heterodyne detection), and the second one use non-coherent detection (direct

detection). In the coherent detection orthogonal codes can be used. But it is important

to note that it is difficult, in optical communication, to preserve the signal phase

during the transmission through the optical channel. Even if some experimental set-

ups exist using coherent Optical CDMA, these systems are complex and expensive to

be implemented since they need a special set up to manage the phase dispersions of

the transmitted CDMA signal. The non-coherent CDMA present a more attractive

solution even if strict orthogonal sequence cannot be used. Direct detection is

normally used in asynchronous CDMA applications, in which PN sequences (Gold

sequence) is used to encode the data streams.

5.5 System Description of the Research Work

In the present research work, asynchronous SIK modulation-demodulation technique

is considered for optical fiber CDMA network. The schematic block diagram of an

optical CDMA transmitter, transmission line and SIK switched correlator receiver

[34] is shown in Fig. S.lO(a), Fig. 5.10(b) and Fig. S.lO(c), respectively.

In the transmitter, a user's data is modulated either by a unipolar signature sequence

or by its complement, depending on whether it is a '1' or '0', respectively then a laser

is intensity modulated by the encoded data signal. The optical signals of K users is

coupled using K:l coupler and transmitted through a transmission line with M

sections and (M-l) in-line optical amplifiers.

In the receiver, a bipolar reference sequence is correlated directly with the channel

unipolar signature sequence in order to recover the original data. This unipolar-

bipolar correlation can be implemented optically by separating the bipolar reference

sequence into two complementary unipolar reference sequences which provide
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unipolar switching functions to des pre ad the optical channel signal [34]. The

despreaded optical signal is subtracted in a balanced pin diode receiver and then

integrated over a data bit period prior to zero threshold detection.

JL

~
I

Optical
drive

(a)

OAI

m = M-l m = M
K:l coupler

m = 1 m =2

OA2

(b)

o [>~O~S_i(t)

OA#(M-l)

1:2 coupler Ai (t)

Ai(t)

(c)

r

Jdt
o

Zi(t)

Fig. 5.10 Schematic block diagram of an optical COMA transmitter (a),

transmission line (b) and receiver with sequence inversion keyed (SIK) optical

correlator (c), OA: optical amplifier.
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5.6 System Analysis of the Work

5.6.1 Transmitted Signal
In the transmitter. a user's data is modulated either by a unipolar signature sequence

or by its complement. depending on whether it is a 'I' or '0', respectively. The SIK

signal is driven by a suitable optical light source such as a light emitting diode (LED)

or Laser diode. The LED or Laser diode output is transmitted through the fiber thus,

the total input light signal in optical fiber of the transmission line is given by

K

s(t) = IJ2Pr Bk(t - 'k) oAk(t- 'k )exp[iUio(t- fk)]
. k:=l

(5.6)

where for k-th user 2PT is the peak incident chip optical power at the transmitter,

Bdt) and Ak(t) are binary data and signature sequences, respectively, rk is the relative

time delay, K is the total number of simultaneous users and '0' is the operator that

denotes sequence inversion keying (SIK) modulation such that either the sequence

Adt) or its complement Ak(t) is transmitted for a '1' or '0' data bit, respectively and

OJo is the light frequency. Bdt) is a sequence of unit amplitude unipolar rectangular

pulses of duration T and Adt) is a periodic sequence of N unit amplitude unipolar

rectangular pulses of duration T, such that T = NT,,, The average power of the

transmitted signal S(t) can be written as

1 T K 2

Pm" =- II 1~2PTBk(t-rk)oAk(t-rk)exP[iOJo(t-rk)1 dt (5.7)
To k",]

It is assumed that the signature sequence is balanced and Pa,g can be found as

(5.8)

Thus, transmitted power per channel is Pr. Fourier transform of the total input signal,

S(t), shows that number offrequency components in S(t) is infinity. Thus, S(t) can be

written as
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K

S(t) = I)2P, flk (t - 'k) oAk (I - 'k) exp[iwo (I - 'k)]
k==1

= )2P, exp[iwol] Ic, exp[i(jw"/)]
1=-<1)

(5.9)

where Cj arc the coefficients Fourier transform, w" is frequency difference in radians

with w" = 2Jr IT!,. Hence, TI' --> w. From (5.9), S(I) can be written as

.v

S(t) = )2P, Coexp[iwo/]+)2P, :Z::Ci exp[iw}l]
j=1
F~cn

r
= )2P, \coIexp[i w, (t - '0)] + )2P, lJi Iexp[i w, (t - ,)]

j=l
"'_OJ)

I,'

= fP;, exp[i w" (t - ',,)] + JP, L:cxp[iwj (I - 'j)]
1=1
','-tCi)

r

= L:E,(t)
1=0

j;_t<:f.l

(5.10)

where E . (I), Pj and,. are the electric field, power and time delay of frequency w"
j } .

respectively. It should be noted that leol' = K I 4 if the signature sequence is

balanced, thus,

and

Po=KP,/2

I,'

""'P=KP,/2~ }
;=\
)"---'tfL)

(5.11)

(5.12)
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;..
Po + L: P

j
= KP, is the total transmitted light power through the fiber.

j""]
{"-'WO

5.6.2 Generation of FWM

It is seen that multi-wavelength signal is generated after modulation, thus, FWM

occur while the signal propagates through the fiber [51]. According to (4.10), the

FWM electric field, Edt), generated at the receiver due to FWM is given by

F * aL M () M m-I ()
EF(t)=kj L: Ep(t)Eq(t)Er(t)exp(--)exp[ L: i/3 m L] L: exp[i L: t./3) L]

2 m=1 F m=l )'=1 Fp,q,r=O

p=q*r

p*q*r
F-.oo

1-exp[( -a + it./3~m))L]

.A/3(m)a-I", F

(5.13)

where k
j

= i(2Jr) DX, D is the degeneracy factor, X is the third order nonlinear
nA.

susceptibility, n is the refractive index, A. is the wavelength, L is the length of each

span so that ML = Lt is the total fiber length, a is the fiber attenuation coefficient, M

is the number of fiber span and

'fJ (m) -fJ(m) fJ(m) _fJ(m) _fJ(m)uF-P+q r F (5.14)

(m) (m) (m) (m)
where /3p . f3q . /3r and /3F are the propagation constant of electric fields

Ep(t), Eq(1) .E,(t) and Edt) at span m.
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5.6.3 Mean Value and Variance of Output Signal for Transmission System with

Dispersion Shifted Fiber

The power depletion due to FWM can be neglected, thus, the signal at the switched

correlator receiver of each users, S;{I), can be written as

aL
S.(/) = S(I)exp(--)+EF(/), 2 (5.15)

The optical power is equally divided in 1:2 star coupler of the switched correlator

receiver, so the electric fields, R, (I) and Ri (I) received by the pin diodes of i-th user

with Ti = 0, can be written as follow

The output of the correlator, Z,(I), matched to the i-th user is given by

T - T
Z(t)=R j{1R(t)[2 -IR,.(t)i2}dl+ (nO(/)dl
, 0' 0

(5.16)

(5.17)

(5.18)

where R is the responsibility of each photodiode and no (I) is the total channel noise.

H should be noted that EF (1)2 is negligible as compared to others

since E F (1)2 «E F (I), thus, from (5.6), (5.15), (5.16), (5.17) and (5.18), Z,(I) can be

written as

RTKj2P;22 2Z.(I)=-( {L ( 2PT) E,. (t-rk)oA,. (l-rk)exp(-aL)
, 2 0 k=l " "



K
+2 L: )2PTBk(t-'k)oAk(t-'k)exp(-aLl2)! £F(t)ll
k=l

T
.[A(t)-Ai(t)]dt+ j no (t)dt

I 0
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(5.19)

It should be mentioned here that and

2Ak(t-'k)=Ak(t-'k) since binary data and chip sequences are 'j' or '0', thus,

2,(t) can be rewritten as

RT K
2.(1)=- j {L: 2PTBk(t-'k)oAk(t-'k)exp(-aL)

I 20 k=!

K
+2 L: )2PTBk(t-'k)oAk(t-'k)exp(-aLl2)! EF(t)[}
k=!

T
.[A(t)-Ai(t)]dt+ j no (t)dt

I 0

Equation (5.20) can be written as

with

and

(5.20)

(5.21)

(5.22)

" .

"j' K -

2u (I) = R rL,~2Pr B, (t - 'k) 0 Ak (t - 'k) exp( -aL / 2) I Fl' (t) I {AJI) - A, (t)}dt
o k=\ .

(5,23)
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If ak() and bk() are the bipolar form of Ak() and Bk() thena,(.) = A,(.) - A,(.) and

Bk()oAk()~{l+bd)ak()}/2 then Zi,(t) can be written as,

T K l+b.(I-r.)aJt-r )
Z. (I) = RP j L: k k k k £I. (t)dt
IS R 0 k~1 2 I

RKPT RPTK RPT
=__ R_J IJ/t)dt+--..--R J L: bk(t-rk)ak(t-Tk) a (t)dt+--..--R J h (t)dt

2 0 2 Ok=l t 2 0 I

k '" i
(5.24)

where received power

(5.25)

The first term in (5.24) is the offset effect which is removed by using balanced

signature sequence. The second and third term in (5.24) are the multiple access

interference (MAl) and' in phase autocorrelation peak, respectively. The mean of

Zi,(t) is given as [34]

The variance of interference due to MAl, is given by [34]

2 U' 2(K -1)
() MAr ::=

3N

(5.26)

(5.27)

The variance of interference due to FWM, a}WM' can be obtained from Zidt)

taking the variance of Z;F(t)/T. Thus, a}WM can be written as



2 2 I 2(TFWM =2R PTexp(-aL) EF(t)1

1 T K -
.var[- J 2: Bk(t-'k)oAk(t-'k){A(t)-A(t)}dt]

TO k=1 i i

-
Using bipolar form of Ad.). Bd') and {A,(.) - Ai (.)}, it can be written that

1 T K -
var[- J 2: Bk(t-'k)oAk(t-'k){Ai(t)-Ai(t)}dt]

TO k=l

I T K 1 +bk(t - 'k)bk(t - 'k)
=var[-j 2: _~_~~~~a(t)dt]

TO k=1 2 i
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(5.28)

ITK IT ITK
=var[-. J L: a.(t)dt]+var[-j a.(t)dt]+var[-j L: bk(t-'k)bk(t-'k)a.(t)dt]

2T 0 k=1 i 2T 0 i 2T 0 k=l I

hi
(5.29)

According to [34]

I T KIT K I 2(K -I)
var[-J 2: ai(t)dt] = 0 and var[-j 2: bk(t-'k)bk(t-'k)ai(t)dt]=-. 3N

rrOk~ 2TOk=1 4
k""i

2Thus, (TFWM can be found as

R2p(K-1) 2
T exp(-aL) E (t)
3N F

(5.30)

In (5.30), iEF(t)12 is the power of FWM electric fields PFWM and can be written as

[53-54]
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1024,,6. 2 F
PFWM~422(DX) 2:

nol c p,q,r=O
p1:-q*r
p=q-:tr
F~co

2
M m-l (m) I-exp[( -a + "'i/3),.m))L]
L: exp[i L: "'/3F L] ( )
m~l j=1 a - i"'/3F

m

where Aerris the effective mode area of the fiber, c is the light velocity and

(5.31)

(5.32)

.(m)
where.tO is zero-dispersion frequency of fiber in m-th section and Dc is the

chromatic dispersion coefficient.

It should be mentioned that all the users are using source of same wavelength and

wavelength differences among the multi-wavelengths is less. Thus, ",it')«a for

transmission system with DSF and

be rewritten as

2
M m-I (m) 2L: exp[l L: "'/3F L] '" M . Thus, hWM can
m~l j~1

P
_ 1024,,6 (D)2 (_ L)M2 [1-exp(-aL)]2 !; P P. P.

FWM - 4 2 2 X exp a 2 2 L, P q r
n A c a AejJP,q,r~O



_ 1024Jr6 2 ,(_ L)M2 [1-exp(-aL)]2 [D'X D'Y]
4 2 2 X exp a 2 2 I + ,

n A c a Aeff
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(5,33)

where D ,=6 and D2=3 are the degeneracy factor for non-degenerate and degenerate

cases of FWM, respectively,

X can be written as follow,

x = PoP'(P, + P,+P4 + p, L,,+ P,,)

+PoP,(P, +p, +P, +p, L,,+P')

+PoP,(P' +P, +p" +P, L,,+P',) +
+ ",,,,,,,,,,,,,,,,,,,,,,,,,,
+ POPI,(P'+ P, + P, + P4 + p, + ",,)

I I
A,

Po in first position
others changing

+(P, +P, +P4 +P, +",,+PI)P,Po
+(P,+ P, + P, + p, + ,," + p" )P,Po

+(P,+P, +P4 +p, L,,+P')P'Po

+ """"""""""""""
+ (P,+ P, + P, + P4 + p, + "")P,,Po

I I
A2

Po in third position
others changing

(5,34)

I"

It IS obvious that L: Pi - P, '" KPT /2 because P;, the power of one frequency
1=1
F-+""

components, is very less compare to summation of others, It is seen that A, and A2

are equal in equation (534) and can be written as follow

A, = A, = PoP'Kp' /2 .
+PoP,Kp', /2
+Pop'Kp' /2

+ """"""""""""""
+ PoP',Kp' /2

•



= Pr,KPT 12(1; +P,+ ~ + p. + P, + ....+P,)

= POKPT 12x KPT 12 = K' Pr' 18

Thus, X can be written as

x - K'?,' 14- T

Further, Y can be written as

Y = PaPaUI + Pz + P3 + P4 + P5 + + PF)

+P/j(PO +PZ +P3 +P4 +Ps + +PF)

+P
2
PZ(PO + 1J + P3 + P4 + Ps + + PF)

+ .
+ PFPF(Pa +PZ + P3+P4 +Ps + ....)

Z Z Z 2=P
O

KPrl2+1J KPr+Pz KPr+ ..+PF KPr

~PoZKPr 12+ KPr(1JZ +p} +P3
2 + ..+p/)
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(5.35)

(5.36)

(5.37)

.. F2 F, 22222
It ISobvIOus that L: Pm «( L: Pm)". Thus (1] +P2 +P3 + ..+PF )«PO

m=l m=l
F -w) F-,>oo

and from (5.37), Y can be written as

Using (5.36) and (5.38) in (5.33), PFWM can be written as

(5.38)

6 2128Jl .2M2K3p3 (_ L)[I-exp(-aL)] (2D2 D2)
4 2 2.:c r exp a 2 Z I + 2
n ;t c a Aet!"



= 10368ff6 2M2K3p3 ( L) [1-exp(-aL)]2
. 4 2 2 X T exp -a 2 2
n /l c a Aeff

Finally, total variance of signal, (/, can be expressed as

and the variance of noise no (I) is given by [34]

71

(5.39)

(5.40)

(5.41)

where Nil, is the receiver thermal noise, B=~ is the data bandwidth, K is the number
2T

of simultaneous users, q is the electron charge and Jdk is the dark current. Receiver

thermal noise Nil, can be written as

(5.42)

where k is the Boltzmann constant, T,,, is the temperature and RL is the load

resistance.

5.6.4 Mean Valne and Variance of Output Signal for Transmission System with

Single Mode Dispersive Fiber
The optical pulses of the input signal, S(I), undergoes dispersion due to fiber

chromatic dispersion during propagation through the fiber [51]. According to [64],

the output pulse corresponding to input pulse s;" (I) with Fourier transform of S;" (f)

can be approximated as
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1 _j[(lly)(-'-)'-(ffI4);gny]- t
sou,(t)= o::Jlle Tc Si"(7) forY(ffB);J'»1

Td JrIYI JrY c

(5.43)

where Te. is duration of pulse, Be' is the band width of pulse and the chromatic

dispersion index of the fiber

(5.44)

where Re. is the chip rate and L is the total fiber length. In case of rectangular pulse,

s,,,, (I) can be written as [64]

1
I ,

. -j[(lly)(-t-(ffI4);gny]. t
SO"I (I) = O:J[ I e Tc 5111C(--T-) for.3:;; r :;;I

-V Jr[YI JrY c

(5.45)

Again, neglecting power depletion due to FWM, the signal at the switched correlator

receiver of each users, S;{I), can be written as

K N-l

SJI) =~Bk(t-Tk)oArJt-Tk)soutit--z{ -jTc +Tc/2)expfcL/2)+EF(t)
1,~1jdJ

(5.46)

where T; is the delay of k-th user first chip which is nearest to 1=0 . T; can be found

as

T; = remainder ( T, IT,).

From (5.6), (5.16), (5.17), (5.18) and (5.41), Z;{I) can be written as
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RT K N-] ? I
Zi(t)=- J {2: .2: 2PTBk (t-Tk)oAk (t-Tk)S- tk(t-Tk- jTc+Tel2)exp(-aL)

2 0 k=l;=O ou

Equation (5.47) can be written as

T

Zi(t) = Zis(t) + ZiF(t) + fn,,(t)dt
o

with

T K N-l
Zis(t)=RJ 2: .2: PTBk (t-Tk)oAk (t-Tk)

Ok=l ;=0

.s;utk (1-< - jTe + Te 12)exp( -aL){Ai(t) - Ai (t))dt

and

.exp(-aL 12) 1£, (t) I {Ai (t) - Ai (t)}dt

Again, using polar form Zis (t) can be written as

RT K N-l 2
Z (t)=- J 2: 2: PTexp(-aL)s k(t-Tk-jTe+Te/2)ai(t)dt
IS 2 0 k=l j=O out

(5.47)

(5.48)

(5.49)

(5.50)
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RT K N-I 2 /
+-2 f L .L PTexp(-aL)bk(t-rk)ak(t-Tk)s tk(t-Tk - jTe +Te/2)a.(t)dto k=I;=O ou I

k*i

(5.51)

The mean of Z,Jt) , U, is given as

(5.52)

The variance of multiple access interference (MAl), cr~AI' can be found as

(5.53)

The variance of interference due to FWM, ,,
2

, can be obtained from Z,dt) taking
FWM

the variance of ZiF(t)/T. Thus, "}WM can be written as

cr;WM = 2R' PI exp(-aL) 1£,.(1) I'

1 T K N-I. /
.var[T II I Bk(t-rk)oAk(t-Tk)soutk(t-rk-jTc+Tc/2)ai(t)dt (5.54)

o k=\ j=O

In (5.54), iEF(i)12 is the power ofFWM electric fields hWMand can be found by

(5.31) with
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Finally, total variance of signal, (52, can be expressed as

and the variance of noise no (t) is given by (5.41).

5.6.5 Bit Error Rate Performance of the System

The signal to noise ratio at the correlator output can be obtained as

u2
SNR~-2--

(]' + No

(5.55)

(5.56)

(5.57)

The BER performance for the aCOMA transmission system is then given by [34]

.JSNR
BER = (1/2)er/e( .j2 )

(5.58)
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Chapter 6

Results and Discussion

Following the analytical formulation presented in Sec. 5.6, the performances of the

OCDMA transmission system arc evaluated considering the ellect of FWM. The data

signal. B;(O and transmillcd signal, S;(O of user-I with 0.1 mW peak incident chip

optical power arc shown in Fig. 6.1. Fig. 6.2 represents the data signal and

transmitted signal of user-2. Hence, 100 Mb/s data signal is modulated with 63 chips

per bit Gold sequence and then light frequency is further modulated by modulated

data signal. The figures show that chip sequences for data bit 'I' and '0' are

compliment. The total transmitted signal and corresponding power spectrum are

presented in Fig. 6.3 and Fig. 6.4. respectively. According to analysis. the center

frequency power of the total transmitted signal of two simultaneous users is half of

the peak incident chip optical power. From Fig. 6.4, it is evident that the power of

center frequency is half of peak incident chip optical power.

1l---~~~~~~~---'

at 0.5 .

OL-_~_~_~_~_-"--_..L_~_~_--'-_--.J
o 2 4 6 8 10 12 14 16 18 20

Time (ns)

642

-<>.01

o 8 10 12 14 16 18 20
Time (ns)

Fig. 6.1 Data signal, B;(t) and transmitted signal, S;(I) of user-l at a bit rate of 100

Mb/s with 0.1 mW peak incident chip optical power and chips per bit, N~ 63.

-0.005

0.01

0.005
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0
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Time (ns)

0.01

0.005

S 0N
(J)

-0.005

-0.01

0 2 4 6 8 10 12 14 16 18 20
Time (ns)

Fig. 6.2 Data signal, Bdt) and transmitted signal, S2(t) of user-2 at a bit rate of 100

Mb/s with 0.1 mW peak incident chip optical power and chips per bit, N = 63.

0.025

0.02

0.015

0.01

0.005

S 0(J)

-0.005

-0.01

-0.015

-0.02

-0.025
0 2 4 6 8 10 12 14 16 18 20

Time (ns)

Fig. 6.3 Transmitted signal of 100 Mb/s OS-OCOMA systems. Number of

simultaneous users, K = 2 with 0.1 mW peak incident chip optical power and chips

per bit, N = 63.
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Fig. 6.4 Power spectrum of transmitted signal for 100 Mb/s OS-OCOMA systems.

Number of simultaneous users. K = 2 with 0.1 mw peak incident chip optical power

and chips per bit, N = 63.

To evaluate the BER performance of the system with OSF, FWM noise power is

simulated from the power spectrum of the transmitted signal and MAl power is

obtained by simulation from the output of the correlator. Further, the MAl power,

FWM noise power and BER performance is evaluated using analytical expressions

and compared with the simulation results. The typical system parameters assumed in

computation are no=I.43, operating wavelength ic=1.55 mm, AefF50 fLm2,

X = 4 x 10-15 esu, a=0.21 dB/km, dDcldJe = 0.07 ps/km-nm2
, fiber span length L=1 00

km, R=0.85A W.I, Idk=l DnA, thermal current PSO NtI,=1 pA2Hz.1, data rate l/T=\ 00

Mbit/s. The total fiber length of the system is taken to be 1000 km comprising of 10

spans. The MAl power, FWM noise power and BER performance with respect to the

number of simultaneous users for different values of transmitted power per user,

using 63 chips per bit encoding, are shown in Fig. 6.5, Fig. 6.6 and Fig. 6.7,

respectively. 1t is found that BER performance degrades with increasing number of
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simultaneous users and transmitted power per user. The nOIse power (MAl and

FWM) and BER performance with respect to number of users for different values of

transmission distance with DSF, using 63 chips per bit encoding, are shown in Fig.

6.8 and Fig. 6.9, respectively. The plots show that FWM noise power and BER

increase with increasing the transmission distance but MAl remains constant. The

MAl power, FWM noise power and BER performance with respect to the number of

users for different number of chips per bit, with -15 dBm transmitted power per user,

are shown in Fig. 6.10, Fig. 6.11 and Fig. 6.12, respectively. It is found that BER is

improved significantly as the number of chips per bit is increased from 31 to 127.

From the Fig. 6.5 to Fig. 6.12, it is investigated that simulation and analytical results

are similar in all cases. Thus, the analytical derived expressions can be used to

evaluate the performances ofOCDMA transmission systems with DSF.

-$0

-90

E -95
III
~
; -100;:
o
"";;: .105
:;:

.110

-115 "

PT ~. 20 dBm

- Derived equation
----+- Simulation with Gold sequence
-e- Simulation with m-sequence

-1202 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Number of users, K

Fig. 6.5 MAl power versus number of simultaneous users for different values of

transmitted power per user for a 100 Mb/s, 1000 km aCDMA system with DSF.

Number of chips per bit, N = 63 in all cases.
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Fig. 6.6 FWM noise power versus number of simultaneous users for different values

of transmitted power per user for a 100 Mb/s, 1000 km aCDMA system with DSF.

Number of chips per bit, N = 63 in all cases.

PT ~ - 20 dBm
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---+- Simulation with Gold sequence
--e- Simulation with m-sequence
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Fig. 6.7 BER versus number of simultaneous users. for different values of transmitted

power per user for a 100 Mb/s, 1000 km aCOMA system with OSF. Number of

chips per bit, N = 63 in all cases.
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Fig. 6.8 FWM nOise power and MAl power with respect to the number of

simultaneous users for different values of transmission distance for a 100 Mb/s

aCOMA systems with OSF.Number of chips per bit, N= 63 and transmitted power

per user, Pr = -15 dBmin all cases.

10.1

10' \ \
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~ Length = 1,00 km
w 10.7
lD

- Derived equation
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--9- Simulation with m-sequence
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Number of users, K

Fig. 6.9 BER versus number of simultaneous users for different values of

transmission distance for a 100 Mb/s aCOMA system with OSF. Number of chips

per bit, N= 63 and transmitted power per user, Pr= -15 dBm in all cases.
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Fig. 6.10 MAl power versus number of simultaneous users for different number bf

chips per bit encoding for a 100 Mb/s, 1000 km aCOMA systems with OSF.

Transmitted power per user, Fr = -15 dBm in all cases .
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Fig. 6.11 FWM noise power versus number of simultaneous users for different

number of chips per bit encoding for a 100 Mb/s, 1000 km aCOMA systems with

DSF. Transmitted power per user, Fr= -15 dBm in all cases.
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Fig. 6.12 BER versus number of simultaneous users for different number of chips

per bit encoding for a 100 Mb/s, 1000 km aCOMA systems with OSF. Transmitted

power per user, Pr = -15 dBm in all cases.

The BER performance 10 Mb/s aCOMA system with 1023 chip sequence is

evaluated using analytical expressions. Further, BER performances are evaluated

excluding the FWM noise and compared with previous results. Fig. 6.13 shows the

BER performance versus transmitted power per user for 1000 km aCOMA systems

with OSF for different number of simultaneous users. It is found that BER

performances including and excluding FWM effect are same at lower transmitted

power because FWM power is very less at lower transmitted power. BERs are poor

at lower transmitted power, although the FWM power is less since thermal noise and

dark noise are comparable with signal power. Signal power increases with increasing

transmitted power but thermal noise and dark noise almost remain constant. That's

why, SNR as well as BER improve with increasing transmitted power at lower

transmitted power region since FWM noise does not effect significantly at lower

transmitted power. It is found that BER is minimum at a certain amount of

transmitted power. It is investigated that BER starts to degrade with increasing
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transmitted power if the transmitted power is higher than the certain amount of

transmitted power since FWM noise power significantly increases with increasing

transmitted power at higher transmitted power. It is observed that the BER is

minimum at higher transmitted power if the FWM effect is not considered. BER

performances including and excluding FWM effect differ significantly at higher

transmitted power. BER is found to be degraded if the number of simultaneous users

is increased since MAl and FWM noise increase with increasing number of

simultaneous users. The BER performances versus the transmission distance for

different number of simultaneous users is shown in Fig. 6.14. It is found that the

BER performance is independent of transmission distance for a number of

simultaneous users, if the FWM effect is not considered. The FWM effect degrades

the BER performance for higher number of simultaneous and higher values of

transmission distance.

--+- With FWM effect
__ Without FWM effect

10.' yt'. /

10.' 'if
10.'

.. !
0:w
lD

10.13

-45 -40 -35 -30 -25 -20
Transmitted power per user, PT (dBm)

.15

Fig. 6.13 BER versus transmitted power per user for different number of

simultaneous users for a 10 Mb/s, 1000 km aCDMA systems with DSF. Number of

chips per bit, N = 1023 in all cases.
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Fig. 6.14 BER versus transmission distance for a 10 Mb/s aCOMA systems with

OSF for different number of simultaneous users. Number of chips per bit, N = 1023

and transmitted power per user, FT= -30 dBm in all cases.
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Fig. 6.15 BER versus transmitted power per user for different values of transmission

distance for a 10 Mb/s aCOMA systems with OSF. Number of chips per bit, N =

1023 and number of simultaneous users, K = 30 in all cases.
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Fig.6.16 BER performance versus number of simultaneous users for different values

of transmitted power per user for a 10 Mb/s, 1000 km aCOMA systems with OSF.

Number of chips per bit, N = 1023 in all cases.

.\
For any length

Length = 500 km

Length = 1000 km

~ With FWM effect
-+- Without FWM effect

ex:
w
1IJ

10.13
16 ~ ~ ~ ~ • ~ « • ~ ~ ~ M

Number of users, K

Fig. 6.17 BER versus number of simultaneous users for different values of

transmission distance for a 10 Mb/s aCOMA systems with OSF. Number of chips

per bit, N = 1023 and transmitted power per user, Pr= -30 dBm in all cases.
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Fig. 6.18 BER versus transmitted power per user for different values chips per bit

encoding for a 10 Mb/s, 1000 km aCOMA systems with DSF. Number simultaneous

users K = lain all cases.
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Fig. 6.19 BER versus number of simultaneous users for different values of chips per
bit encoding for a 10 Mb/s, 1000 km aCOMA systems with DSF. Transmitted power
per user, Fr= -30 dBm in all cases.
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BER performance as a function of transmitted power per user for different values of

transmission distance and different number of chips per bit encoding are shown in

Fig. 6.15 and 6.18, respectively. BER versus number of simultaneous users for

different values of transmitted power per user, different values of transmission

distance and different number of chips per bit encoding are shown in Fig. 6.16, Fig.

6.17 and Fig. 6.19, respectively. From the Fig. 13 to Fig. 19, it is evident that FWM

effect is significant for higher number of simultaneous users, transmission distance

and transmitted power. Thus, performance should be evaluated considering the effect

of FWM for a long distance aCOMA system with higher number of simultaneous

users.

From the figures of BER performance, it is evident that transmitted power per user,

number of simultaneous users and transmission distance are limited by FWM for a

given BER of the system. Maximum allowable transmitted power per user at a BER

of 10,9 for 10 Mb/s aCOMA systems with OSF is evaluated. Maximum allowable

transmitted power versus transmission distance for 10 simultaneous users aCOMA

systems with OSF for different values of chips per bit encoding is shown in Fig. 6.20.

It is investigated that maximum allowable transmitted power per user decreases with

increasing the transmission distance. Maximum allowable transmitted power can be

increased by increasing number of the chips per bit. Fig. 6.21 shows the maximum

allowable transmitted power per user versus transmission distance for different

number of simultaneous users for 1023 chips per bit encoding in all cases. It is found

that maximum allowable transmitted power is -13 dBm for 10 simultaneous users at a

distance of 1000 km and it reduced significantly to -26 dBm for 30 simultaneous

users. Maximum allowable transmitted power per user versus number of

simultaneous users for different values of chips per bit encoding and transmission

distance are shown in Fig. 6.22 and Fig. 6.23, respectively. Maximum allowable

transmission distance at a BER of 10,9 for 10 Mb/s aCOMA systems with OSF for

different cases are shown in Fig. 6.24 and Fig. 6.25. It is investigated that maximum

allowable transmission distance decreases as the number of users and transmitted

power per user are increased. It can be increased by increasing the chips per bit.

.'",,,
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Fig. 6.20 Maximum allowable transmitted power per user versus transmission

distance for different values of chips per bit encoding at a BER of 10-9 for 10 Mb/s

aCOMA systems with OSF. Number of simultaneous users, K = lOin all cases.
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Fig. 6.21 Maximum allowable transmitted power per user versus transmission

distance for different number of simultaneous users at a BER of 10-9 for 10 Mb/s

aCOMA systems with OSF. Chips per bit, N = 1023 in all cases.
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Fig. 6.22 Maximum allowable transmitted power per user versus number of

simultaneous users for different values of chips per bit encoding at a BER of 10-9 for

10 Mb/s, 100 km aCOMA systems with OSF.
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Fig. 6.23 Maximum allowable transmitted power per user versus number of

simultaneous users for different values of transmission distance at a BER of 10-9 for a

10 Mb/s aCOMA systems with OSF. Number of hips per bit, N = 1023 in all cases.
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Fig. 6.24 Maximum allowable transmission distance versus number of simultaneous

users for different values of transmitted power per user at a BER of 10-9 for a 10

Mb/s aCOMA systems with OSF. Number of chips per bit, N = 1023 in all cases.
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Fig. 6.25 Maximum allowable transmission distance versus number of simultaneous

users for different values of chips per bit encoding at a BER of 10-9 for 10 Mb/s

aCOMA systems with OSF. Transmitted power per user, P,.= .20 dBm in all cases.
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Fig. 6.26 Maximum allowable simultaneous users versus transmission distance for

different values of chips per bit encoding at BER of 10.9 for 10 Mb/s aCOMA

systems with OSF. Transmitted power per user, Pr = - 20 dBm in all cases.
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Fig. 6.27 Maximum allowable simultaneous users as a function of transmission

distance for different values of transmitted power per user at BER of10.9 for 10 Mb/s

aCOMA systems with OSF. The chips per bit, N = 1023 all cases.
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Fig. 6.28 Transmitted power per user versus number of simultaneous users for

different values of transmission distance to obtain minimum BER for 10 Mb/s

aCOMA systems with OSF. Number of chips per bit, N = 1023 in all cases.
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Fig. 6.29 Transmitted power per user as a function of number of number of

simultaneous users for different values of chips per bit encoding to obtain minimum

BER for 10 Mb/s, 100 km aCOMA systems with OSF receiver.
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From Fig. 24, it is found that maximum allowable transmission distance is around

7000 km with -30 dBm transmitted power per user and it reduced significantly to

around 1000 km with ,-20 dBm transmitted power per user for 20 users for 1023

number of chips per bit encoding. From Fig. 25, it is found that maximum allowable

transmission distance is around 800 km with 255 chip sequence and it increased to

around 4500 km with 1023 chip sequence for 10 users with -20 dBm transmitted

power per user.

Maximum allowable simultaneous users at BER of 10-9 for 10 Mb/s aCOMA

systems with OSF are evaluated for different cases. Fig. 6.26 shows the maximum

allowable simultaneous users versus transmission distance for different values of

chips per bit encoding with - 20 dBm transmitted power per user. Maximum

allowable simultaneous users versus transmission distance for different values of

transmitted power per user with 1023 chips per bit encoding is shown in Fig. 6.27. It

is investigated that the maximum allowable simultaneous users decreases if the

transmission distance and transmitted power per user are increased. It can be

increased by increasing the number of chips per bit. From Fig. 6.26, it is found that

maximum 6 users can be transmitted simultaneously for 127 chip sequence and 18

users can be transmitted simultaneously for 1023 chip sequence at a 1000 km

transmission distance with -20 dBm transmitted power per user.

The required transmitted power per user for minimum BER of a 10 Mb/s aCOMA

systems with OSF is determined. Fig. 6.28 shows the required transmitted power per

user at a minimum BER varying the number of simultaneous users for different

values of transmission distance with 1023 chips per bit in all cases. The required

transmitted power per user at a minimum BER versus the number of simultaneous

users for different values of chips per bit encoding is shown in Fig. 6.29. It is

investigated that required transmitted power per user decreases if the number of

simultaneous users as well as transmission distance are increased.
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Further, the performance of a 100 Mb/s aCOMA transmission system with single

mode dispersive fiber (OF) is evaluated using matlab simulation with m-sequence as

well as Gold sequence and compared with the results of system with OSF. Fiber

chromatic dispersion is taken to be 16 ps/km-nm. Fig. 6.30 shows the eye diagram of

received signal for (a) 200 km (b) 250 km (c) 300 km and (d) 350 km transmission

systems with 63 chips per bit encoding and 0.1 mW peak incident chip optical power.

It is investigated that eye opening decreases as the transmission distance is increased

from 200 km to 350 km due to fiber chromatic dispersion. Eye closer penalty versus

transmission distance with 63 chips per bit encoding is shown in Fig. 6.31. The

penalty is given by as

a
Penalty(db)=20 10g-

b
(6.1 )

where a is the opening of eye without dispersion and b is opening of eye with

dispersion.

From Fig. 6.31, it is found that penalty increases sharply as the transmission distance

is increased. Signal to MAl ratio, signal to FWM noise ratio and BER performance

with respect to the number of simultaneous users for different value of transmitted

power for a 300 km aCOMA system with 63 chips per bit encoding are shown in

Fig. 6.32, Fig. 6.33 and Fig. 6.34, respectively. It is investigated that signal to MAl

ratio is independent of transm itted power but reduces if the number of simultaneous

users is increased. Signal to FWM noise ratio and BER increases as the number of

simultaneous users and transmitted power are increased. It is found that system with

DSF gives better performance than the system with dispersive fiber. Signal to MAl

ratio, signal to FWM noise ratio and BER performance as a function of number of

simultaneous users for different values of transmission distance for a 300 km system

with 63 chips per bit are shown in Fig. 6.35, Fig. 6.36 and Fig. 6.37, respectively.

Signal to MAl ratio, signal to FWM noise ratio decrease as the transmission distance

is increased, thus, the BER performance degrades for increasing transmission

distance.
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Fig. 6.30 Eye diagram ofreceived signal for (a) 200 km (b) 250 km (c) 300 km and
(d) 350 km transmission system. Number of chips per bit is 63 for 100 Mb/s system
with 0.1 mW peak incident chip optical power and fiber chromatic dispersion
coefficient, Dc = 16 ps/km-nm.
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Fig. 6.31 Eye penalty versus transmission distance for a 100 Mb/s aCOMA system.
Number of chips per bit is 63 with fiber chromatic dispersion coefficient, D, = 16
ps/km-nm.
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Fig. 6.32 Signal to MAl ratio versus number of simultaneous users for any value of
transmitted power for a 100 Mb/s, 300 km aCOMA system. Number of chips per bit
is 63 and tiber chromatic dispersion coefficient, D,. = 16 ps/km-nm for dispersive
fiber (OF).
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Fig. 6.33 Signal to FWM noise ratio as a function of number of simultaneous users
for different values of transmitted power per user for a 100 Mb/s, 300 km aCOMA
system. Number of chips per bit is 63 and fiber chromatic dispersion coefficient, D, =
16 ps/km-nm for OF.
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Fig. 6.34 BER versus number of simultaneous users for different value of
transmitted power per user for a 100 Mb/s, 300 km aCOMA system. Number of
chips per bit is 63 and fiber chromatic dispersion coefficient, D, = 16 ps/km-nm for
OF.
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Fig. 6.35 Signal to MAl ratio versus number of simultaneous users for different
values of transmission distance at any value of transmitted power per user for a 100
Mb/s aCOMA system. Number of chips per bit is 63 and fiber chromatic dispersion
coefticient, Dc = 16 ps/km-nm for OF.
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Fig. 6.36 Signal to FWM noise ratio versus number of simultaneous users for
different values of transmission distance for a 100 Mb/s aCOMA system. Number of
chips per bit is 63 transmitted power per user, Pr= -20 in all cases. Fiber chromatic
dispersion coefficient, Dc = 16 ps/km-nm for OF.
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Fig. 6.37 BER versus number of simultaneous users for different values of
transmission distance for a 100 Mb/s aCOMA system. Number of chips per bit is 63
transmitted power per user, PT = -20 in all cases. Fiber chromatic dispersion
coefficient, D, = 16 ps/km-nm for OF.
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Fig. 6.38 BER versus transmitted power per user for different number of
simultaneous users for a 100 Mb/s, 300 km aCOMA system. Number of chips per
bit, N = 63 in all cases and fiber chromatic dispersion coefficient, D, = 16 ps/km-nm
for OF.
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Fig. 6.39 BER versus transmitted power per user for different values of transmissIOn
distance for a 100 Mb/s OCDMA system. Number of simultaneous users, K = 3,
chips per bit, N = 63 in all cases. Fiber chromatic dispersion coefficient, D,. = 16
ps/km-nm for DF.
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Fig. 6.40 Signal to MAl ratio versus transmission distance for different number of
simultaneous users at any value of transmitted power for a 100 Mb/s OCDMA
system. Number of chips per bit is 63 and fiber chromatic dispersion coefficient, D, =
16 ps/km-nm for DF.
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Fig. 6.41 Signal to FWM noise ratio versus transmission distance for different
number of simultaneous users at -20dBm transmitted power per user for a 100 Mb/s
aCOMA system. Number of chips per bit is 63 and fiber chromatic dispersion
coetlicient, D, = 16 ps/km-nm for OF.
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Fig. 6.42 BER versus transmission distance for different number of simultaneous
users at -20 dBm transmitted power per user for a 100 Mb/s aCOMA system.
Number of chips per bit is 63 and fiber chromatic dispersion coefficient, Dc = 16

ps/km-nm for OF.
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Fig. 6.43 Signal to FWM noise ratio transmission distance for different values of
transmitted power per user for a 100 Mb/s OCDMA system. Number of chips per bit,
N= 63, number of simultaneous users, K = 3 and fiber chromatic dispersion
coefficient, D, = 16 ps/km-nm for OF.
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Fig. 6.44 BER as a function of transmission distance for different values of
transmitted power per channel for a 100 Mb/s OCOMA system. Number of chips per
bit N = 63, number of simultaneous users, K = 3 and fiber chromatic dispersion
coefficient, D, = 16 ps/km-nm for OF.
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BER versus transmitted power per user for different number of simultaneous users

and different values of transmission distance are shown in Fig. 6.38 and Fig. 6.39,

respectively. From Fig. 6.38, it is found that minimum achievable BER with DSF is

around 10,22 but it degrades to 10,14 for dispersive fiber for 2 simultaneous users.

From Fig. 6.39, it is seen that minimum achievable BER DSF is around 10,9 for 200

km transmission distance but it degrades to 10,6 for 400 km transmission distance

with dispersive fiber and 2 simultaneous users. Signal to MAl ratio, signal to FWM

noise ratio and BER performance varying the of transmission distance for different

number of simultaneous users with 63 chips per bit encoding and -20 dBm

transmitted power per user are shown in Fig. 6.40, Fig. 6.41, Fig. 6.42, respectively.

From Fig. 6.42, it is found that 200 km OCDMA system with DF having a BER of

10,16 but it increases to 10,7 for 600 km transmission distance for 2 simultaneous

users with -20 dBm transmitted power per user. Fig. 6.43 and Fig. 6.44 show the

signal to FWM noise ratio and BER performance varying the of transmission

distance for different values of transmitted power per user for 3 simultaneous users

with 63 chips per bit encoding. It is investigated that BER using DF and DSF differs

significantly if the transmission distance is increased.
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Chapter 7

Conclusions and Suggestions for future work

7.1 Conclusions

SBS, SRS, FWM, SPM and XPM are the nonlinear effect in fiber optic

communications. FWM is one of the most important nonlinear effects in optical

communication. But all researchers on optical communication neglect the FWM

effect in aCOMA system. They considered that FWM noise power is very less

compared to signal power as well as MAL But the total transmitted power through

the fiber is increased significantly if the number of simultaneous users is' increased,

which causes to increase the FWM noise power. Thus, FWM noise power is not

negligible for higher number of simultaneous users and aCOMA should be analyzed

considering the FWM effect. In this thesis, a theoretical analysis is provided for a

OS-aCOMA system with an IMIDO transmission link using SIK optical correlator

receiver. Analysis is carried out to evaluate the MAl, FWM crosstalk and BER.

performance ofthe system using OSF as well as normal fiber.

Following the theoretical analysis, BER performance results are evaluated for

different values of transmitted power, different number of simultaneous users,

different values of transmitted distance and different values of chips per bit. The

results show that BER performance is degraded if the number of simultaneous users,

transmission distance and transmitted power per user are increased as described

before. It is investigated that the BER performance using OSF is better than the BER

performance using normal fiber. The BER and power penalty are increased

significantly' with the transmission distance if the normal dispersive fiber is used.

Thus, OSF should be used for long distance optical COMA system.

It is found that BER performance can be improved significantly by increasing the

number of chips per bit. But the effect of chromatic dispersion, polarization mode
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dispersion (PMD) and other nonlinearities will be degraded the system performance

at higher chip rate of operation.

Number of simultaneous users, transmission distance and transmitted power per

channel is limited for a given chip rate at a BER of 10.9 Maximum allowable number

of users, maximum allowable transmission distance and maximum al10wable

transmitted power is determined for DSF for different values of chips per bit at a

BER of 10.9 which will help to design aCDMA system.

The FWM nOise power can be reduced by decreasing transmitted power per but

lower transmitted power is not allowable considering the receiver sensitivity. rurther,

BER performance is poor at very low transmitted power because the received signal

power is not much higher than the thermal noise, shot noise and dark noise. Again,

BER performance degrades at high transmitted power. Thus, optimum value of

power should be transmitted which gives the minimum BER. In this thesis,

transmitted power for minimum BER performance is evaluated for different values of

transmission distance varying the number of simultaneous users for different number

of chip sequence.
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7.2 Suggestions for future work

Future research related to this work can be carried out to reduce the effect of FWM

using dispersion compensating fiber.

Future research related to this work can be carried out to investigate the influence of

fiber FWM in a Frequency hopped (FH) optical CDMA system using FH encoder

and decoder.

Further research related work can be carried out to reduce the effect of multiple

access interference (MAl) which will increase the number of simultaneous users by

placing an optical hard limiter at the front of the SIK receiver of the system.

Further works of importance are to determine the impact of other nonlinear effect

such as SPM and XPM on the performance of a direct sequence spread spectrum

IM/DD transmission system using SIK correlator receiver.

It will be very good future work if the system performance can be determined by a

suitable experiment and compared with the analytical results.
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