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Abstract \&\.

Among the dispersion mechanisms fiber group velocity dispersion (GVD) and polarization
mode dispersion (PMD) are the key limiting factors for high-speed, long length and high-
performance fiber optic communications, especially, for optical code division multiple access
(OCDMA). In this study, an analytical model is proposed to evaluate the bit error rate (BER)
performance of direct sequence (DS) OCDMA with cascaded in-line optical amplifiers in
presence of GVD, PMD, and their compensations using fiber Bragg grating (FBG) and
frequency advanced higher-order PMD vectors. Optical orthogonal codes (OOC) are used as
address sequence, and Intensity modulation direct detection technique is employed in a single
mode fiber optic system operating at 1550nm. Optoelectronic conversion is performed by an
avalanche photodiode (APD) in an optical correlator receiver. The system BER performance is
determined on account of receiver, optical amplifier, and multiple access interference (MAI)
noises. The power penalty suffered by the system is determined at BER of 10 as a function of

system parameters.

The BER performance of the proposed OCDMA system is investigated in two steps. The
impact of GVD and its compensation is studied in the first step taking into account of super
Gaussian and Hyperbolic-Secant-shaped OOC’s as address sequence. In the second step the
influence of PMD and its compensation is analyzed under GVD-induced penalty compensated
condition. The results obtained in the first step indicate that the performance of proposed
system severely degrades due to interchip interference caused by GVD-induced spreading and
overlapping of short duration chips which limits the fiber length, chip rate, and number of
simultaneous user. The numerical results also indicate that the system BER performance is
highly dependent on the chipshape, and suffers minimum penalty when Hyperbolic-Secant-
shaped chip is used instead of super-Gaussian-shaped chip. The system performance is further
determined in presence of FBG-based compensator. It is found that about 90% of the GVD-

induced penalty can be compensated depending on the compensator parameters.

In the second step, the BER performance of proposed DS-OCDMA system is evaluated in
presence of PMD and PMD compensation using Gaussian shaped OOC’s. The system BER
performance is found to degrade more at higher chip rate, and longer fiber length due to the
effect of PMD. However, employing PMD compensation significant improvement of the
system performance is found by third-order PMD compensation with respect to first-, and

second-order compensations.
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1.1 Fiber Optic Communication — State-of-Art o

The traffic load on telecommunication links has been increasing tremendously during the
last few years. Especially due to the internet with its exponentially growing number of
participants all over the world and more and more multimedia applications, a further
increase in line capacity is one of the major tasks for telecommunication engineers and
scientists. This high transmission capacity can only be achieved by optical fibers.
Particularly, optical fiber communication plays a vital role in the development of high
quality and high-speed telecommunication systems. Fiber optic communication is a way of
exchanging the information between two places by sending the light signal through the
optical fiber cable. Fiber optic communication brought the revolutionary change in the
telecommunication industry and played a major role in the advent of information age. In
the twenty first century, its advantages over electrical transmission cause the replacement
of copper wire with the optical fiber in the communication system. Now the optical fiber is
the most common type of channel used in communication system. Today, optical fibers are
not only used in telecommunication links but also used in the Internet, local and
metropolitan area networks (LAN, MAN) to achieve high signaling rates. The core
advantages of optical fiber such as low loss, which allows long distances between
amplifiers and its high data carrying capacity as that of thousands of electrical links would
be required to carry that much data. Also no cross talk introduces in optical fibers running
alongside each other for long distances as introduces in some types of electrical
transmission lines.

In recent years, research interests are highly concentrated in all-optical fiber-based access
networks to meet the future demand of high-speed and high-performance communications
[1]. Communication capacity can be enhanced dramatically by optical networks employing
multiple access techniques that allow multiple users to share the huge bandwidth of fiber
optic waveguide. There are two major multiple access approaches: each user is allocated a
specific time slot in time-division multiple-access (TDMA), or a specific frequency
(wavelength) slot in wavelength division multiple-access (WDMA). Both techniques have



been extensively explored and utilized in optical communication systems [2-7].
Alternatively, optical code-division multiple-access (OCDMA) [8-28] is increasing
attention due to its potential for enhanced information security, simplified and
decentralized network control, improved spectral efficiency, and increased flexibility in
the granularity of bandwidth that can be provisioned. In OCDMA, different users whose
signals may be overlapped both in time and frequency share a common communications
medium; multiple-access is achieved by assigning unlike minimally interfering code
sequences to different transmitters, which must subsequently be detected in the presence of
multiple access interference (MAI) from other users.

Optical CDMA had the potential to generate some of the previously unused bandwidth of
the optical fiber and to carry over to the optical domain the benefits of CDMA in radio
frequency systems. The early attempts of implementing of optical CDMA were not so
successful. At that time technology available was not so advanced. In the last 20 years the
optical CDMA field has matured substantially.

Although OCDMA system provides us many attractive features, but it system
performances are limited due to various system impairments caused by fiber optic
waveguide itself. The main problems are dispersion-induced effects which severely
degrades the system performance when short duration chips are transmitted through the
fiber optic waveguide. Among the various dispersion mechanisms fiber group velocity
dispersion (GVD) and polarization mode dispersion (PMD) are the key limiting factors
particularly in OCDMA system, as short duration chips are transmitted in the system.

1.2 Related Work and Motivation

The optical code division multiple access (OCDMA) has received significant attention in
recent years because of its several attractions such as asynchronous multiple users access,
privacy and security in transmission [12-18]. Until now, researches on OCDMA mainly
focused on intensity modulation and direct detection on-off keying OCDMA [9], pulse
position modulation OCDMA [10], direct time spread OCDMA [11], spectral encoding—
decoding, asynchronous phase-encoding OCDMA [14], frequency hopping (FH) OCDMA
[15], and direct sequence (DS) OCDMA [16-18]. These studies were carried out [14-18] to
evaluate the bit error rate (BER) performance of OCDMA considering the effect of group
velocity dispersion (GVD) only. It was found that the system performance severely

degrades due to interchip interference caused by dispersion-induced spreading and



overlapping of short duration chips. Consequently, transmission distance is significantly
reduced due to reduction of received optical power [29], which can be increased by
incorporating optical amplifiers as a repeater in the system. To the best of our knowledge,
performance of DS-OCDMA has not been studied in presence of GVD compensator. It is
therefore very much important to compensate the fiber optic GVD in DS-OCDMA using a
suitable compensation technique.

Normally, pre-compensation, post-compensation, dispersion compensating fiber (DCF),
Maczender interferometer, and fiber Bragg grating (FBG) are used to compensate fiber
optic GVD in conventional optical fiber communication system [30-32]. Among them
DCF gives good results but it is bulky, costly, and not easy to handle. On other hand FBG-
based GVD compensator offers significant advantages such as ready integrability with all
fiber optic systems, compactness and low fabrication cost [33]. In this study, a theoretical
analysis is presented to investigate the BER performance of DS-OCDMA using FBG-
based GVD compensator.

It is well known that the influence of polarization mode dispersion (PMD) severely
degrades the BER performance of optical fiber communication at high bit rate [34-39] due
to differential group delay between two principal states of polarization which causes
spreading and overlapping of pulses. In case of OCDMA system, it is believed that the
PMD-induced effect will degrade BER performance due to transmission of short duration
chip. To best of our knowledge, there is no study on DS-OCDMA considering the effect of
PMD. In this study, an analytical approach is presented to investigate the BER
performance of DS-OCDMA with in-line cascaded optical amplifiers taking into account
of PMD for a single mode fiber (SMF) operating at 1550 nm. Also, a theoretical approach
is presented to compensate the PMD in the proposed OCDMA system model. In our
analysis, super-Gaussian and Hyperbolic-Secant shaped optical orthogonal code (OOC)
are used as the user address. Avalanche photodiode (APD) is used in optical correlator
receiver. To compensate signal attenuation in each fiber section, erbium doped fiber
amplifier (EDFA) is used. The BER performance of the proposed system is determined as

a function of system parameters considering different noises associated with the system.



1.3 Objective of the Study

In the present study the main goal is to propose an analytical approach for investigating the

BER performance improvement of DS-OCDMA in dispersive fiber medium operating at

1550nm. In our analysis, super-Gaussian and Hyperbolic-Secant shaped optical orthogonal

code (OOC) are used as the user address. APD is used in optical correlator receiver for

optoelectronic conversion. Fiber Bragg gating (FBG) and frequency advanced higher-order

PMD vectors are used to compensate the GVD, and PMD, respectively.

The main objectives of this research work are to:

» Propose a DS-OCDMA system model with in-line cascaded optical amplifiers.

» Determination of system parameters for which the proposed system performance

will be improved.

» Carry out the BER performance analysis of the proposed DS-OCDMA in presence

of GVD with different chipshapes and GVD compensator:

To find out the BER versus number of simultaneous user for different fiber
lengths, and chip rates.

To find out the BER versus received signal power for different fiber
lengths, and chip rates.

GVD-induced penalty as a function of simultaneous users, fiber lengths,
chip rates, and chipshapes will be studied.

To find out the optimum parameters of the FBG-based GVD compensator.
Investigation of the improvement of system performance in terms of system

and compensator parameters.

» Carry out the BER performance analysis of the proposed DS-OCDMA in presence
of PMD and PMD compensation:

To find out the BER versus number of simultaneous user for different fiber
lengths, and chip rates.

To determine the BER versus received signal power for different fiber
lengths, and chip rate.

PMD-induced penalty for different fiber lengths, and chip rates will be
studied.

To find out the BER performance improvement in presence of PMD

compensations.



1.4 Outline of the Thesis

A brief introduction to communication system is presented in Chapter 1 with an emphasis
on OCDMA system. This chapter is also presents the related works, motivation, and the

objectives of this thesis.

Chapter 2 introduces common multiple access techniques in optical domain and also the
precious spread spectrum communication methods including direct sequence and
frequency hopping. An overview on OCDMA is given in this chapter. Chapter 2 is also
presents the current codes that were developed throughout the recent years. This chapter is
also presents linear and nonlinear phenomenon in optical fibers. It is also describing

different dispersion compensation mechanism in fiber optic waveguide.

In Chapter 3 introduces the proposed OCDMA system and derive the mathematical

formulas of the proposed model.

The results and discussion are presented in Chapter 4. In this chapter, we present the

results for different parameters that improved the BER performance of the DS-OCDMA.

Finally, Chapter 5 concludes this thesis with future scope of works.



CHAPTER 2

Fundamental Concept

As global network infrastructures expand to support various type of traffic, photonic
networks are expected to take an important rule. The increasing demand for bandwidth
forces network infrastructures to be of large capacity and reconfigurable. The efficient
utilization of bandwidth is a major design issue for ultrahigh-speed photonic networks. The
two main techniques for multiplexing data signals are currently time division multiplexing
(TDM) and wavelength division multiplexing (WDM). Optical code division multiple
access (OCDMA) is an alternative method, which performs encoding and decoding
through an optical signature code, in order to allow the selection of a desired signal so that
different users can share the same bandwidth. In such a system, data signal overlap both in
time and wavelength. The OCDMA networks have several advantages over TDMA or
WDM networks, e. g. complete utilization of the entire time frequency domain by each
subscriber, flexibility in network design (because the quality depends on the number of

active users) and security against encryption.

The Chapter is organized as follows. Section 2.1 reviews the basic multiple access
techniques in optical domain. Section 2.2, a closer look is taken at the basic fundamentals
of OCDMA, potential implementation schemes are named, and advantages and
disadvantages of OCDMA, and an overview on current codes are given. Section 2.3,
briefly discuss the linear and nonlinear characteristics of optical fiber. Different methods
of dispersion compensation in fiber optic waveguide are presented in Section 2.4.

2.1 Multiple Access Techniques

In order to make full use of the available bandwidth in optical fibers and to satisfy the
bandwidth demand in future networks, it is necessary to multiplex low-rate data streams
onto optical fiber to accommodate great number of subscribers. There is a need for
technologies that allow multiple users to share the same frequency, especially as wireless
telecommunications continues to increase in popularity. Currently, there are three common

types of multiple access systems:

» Wavelength division multiple access (WDMA)



* Time division multiple access (TDMA)
* Code division multiple access (CDMA)
2.1.1 Wavelength Division Multiple Access (WDMA)

In WDMA system, each channel occupies a narrow optical bandwidth (> 100 GHz) around
a centre wavelength or frequency [3].
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Fig. 2.1: Resource sharing based on WDMA technique.

The modulation format and speed at each wavelength can be independent of those of other
channels as shown in Fig. 2.1. Arrayed or tuneable lasers will be needed for WDMA
applications [6]. Because each channel is transmitted at a different wavelength, they can be
selected using an optical filter [S]. Tuneable filters can be realized using acousto-optics
[40], liquid crystal [42], or fiber Bragg grating [33]. To increase the capacity of the fiber
link using WDMA we need to use more carriers or wavelengths, and this requires optical
amplifiers [41] and filters to operate over extended wavelength ranges. Due to greater
number of channels and larger optical power the increased nonlinear effects in fibers
causes optical crosstalk such as four wave mixing [43] over wide spectral ranges. Another
approach to increase the capacity of WDMA links is to use dense WDM (DWDM) [7],
which will have to operate with reduced channel spacing (ITU-T recommendation G.692
defines 43 wavelength channels from 1530-1565 nm, with a spacing of 100 GHz). This
requires a sharp optical filter with linear phase response, wavelength stable components,
and optical amplifiers with flat gain over wide bandwidths, and optical fibers must support
hundreds of channels without distortion or crosstalk. With respect to channel switching,

wavelength routing is the next switching dimension for DWDM, with interferometric



crosstalk being an essential issue in the implementation of cross connects based on space
and wavelength [44]. Hence, the extent of wavelength routing that is realizable places
fundamental limits on network flexibility, which in turn determines switch size and

implementations complexity and costs.
2.1.2 Time Division Multiple Access (TDMA)

In TDMA system, each channel occupies a pre-assigned time slot, which interleaves with

the time slots of other channels as shown in Fig. 2.2.
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Fig. 2.2: Resource sharing based on TDMA technique.

Synchronous digital hierarchy (SDH) is the current transmission and multiplexing standard
for high-speed signals, which is based on time division multiplexing [45]. Optical TDMA
(OTDMA) networks can be based on a broadcast topology or incorporate optical
switching. In broadcast networks, there is no routing or switching within the network.
Switching occurs only at the periphery of the network by means of tuneable transmitters
and receivers. The switch-based networks perform switching functions optically within the
network in order to provide packet-switched services at very high bit-rates [46-47]. In an
electrically time-multiplexed system, multiplexing is carried out in the electrical domain,
before the electrical-to-optical conversion (E/O) and demultiplexing is performed after
optical-to-electrical conversion (O/E). Major electronic bottlenecks occur in the
multiplexer E/O, and the demultiplexer O/E, where electronics must operate at the full
multiplexed bit-rate. Alternatively, in optically time-multiplexed systems where by moving
the E/O and O/E converters to the baseband channels the electronic bottlenecks are
alleviated [2]. OTDMA systems offer a large number of node addresses; however, the

performance of OTDMA systems is ultimately limited by the time-serial nature of the



technology. OTDMA systems also require strong centralized control to allocate time slots

and to manage the network operation.
2.1.3 Code Division Multiple Access (CDMA)

CDMA is one of a family of transmission techniques generically called spread spectrum,
explained in the following section. In this technique, the network resources are share
among users which are assigned a code instead of time slot like TDMA or a wavelength
like WDMA. Then, users are capable of accessing the resources using the same channel at
the same time, as shown in the Fig. 2.3. The concepts of spread spectrum i.e. CDMA seem
to contradict normal intuition, since in most communications systems try to maximize the

amount of useful signal with a minimal bandwidth.
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Fig. 2.3: Resource sharing based on CDMA technique.

In CDMA we transmit multiple signals over the same frequency band, using the same

modulation techniques at the same time.
2.2 Characteristics of OCDMA

The CDMA technique has its origin in the spread spectrum (SS) technique. SS has been
developed in the 1940’s as military radio application which offers high security
transmission. In an SS transmission, the input signal is coded in such a way, that its
spectrum spreads over a much wider range than the original signal. At the receiver, the
spreaded signal is decoded and its original form is restored. While despreading the input

signal, unwanted noise or intentional jamming signals are spreaded, i.c. though input
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signal and distortion might carry the same power, the power spectral density of the
distortion covers a wider area, thus enabling the receiver to detect the input signal and
noticing some additional, but only weak noise (see Fig. 2.4). Furthermore, a despreading
of the input signal is impossible without exact knowledge of the code sequence, thus

increasing the security of the transmission.

a) b) c)
-
f f £
d) e)
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£ f

Fig. 2.4: Principle of spread spectrum communication: a) Spectrum of input signal. b)
Spectrum of coded input signal (to be transmitted). c) Jamming signal/noise overlapping
input signal during transmission. d) Decoded signal, input signal is compressed; jamming

signal/noise is spreaded. ¢) Filtered signal at receiver, input signal can be detected.

If each of the users is assigned to its own code sequence which is orthogonal to all others,
they can all access the transmission medium at the same time at the same carrier
frequency, resulting in the so-called CDMA. CDMA has been of high attractiveness as

multiple access scheme in radio applications because of
e non-sensitivity against narrow-band jamming signals
o efficient use of transmission medium in bursty traffic scenarios

e high security due to coded transmission.



In fiber optic applications, these first-sight advantages are less interesting. Narrow-band
jamming signals are not to be expected on a fiber link, traffic is, if not in local area
networks, rather of continuous nature than of bursty. Still, OCDMA can be of interest.
Again, in LAN applications with bursty traffic environment, CDMA is a first choice
multiple access scheme due to low coordination necessary between different users.
Whereas in TDMA schemes, all users are assigned to fix time frames or, in WDMA
schemes, to fix wavelength, this is not the case in CDMA transmission. In case of temporal
or spectral overlapping, system performance decreases immediately in pure
TDMA/WDMA applications.

Several methods have been developed for coding, two of them have come into closer focus

during the recent years:

e Direct sequence (DS) CDMA, a temporal coding technique. Each mark of the input
bit sequence is encoded into a whole sequence of marks and spaces (the code
sequence, also called chip sequence), each space is encoded into another
orthogonal code sequence. In case of unipolar environment as is in fiber optic
transmission, a space is not encoded, since a space carries no energy. Thus, there is

no signal in that time slot that can be encoded.

e Frequency hop (FH) CDMA, a spectral coding technique. The carrier frequency is
shifted periodically according to a certain, pre-assigned code. All channels share
the entire bandwidth by using different carrier wavelengths at different times
according to a certain code. Since FH CDMA requires tuneable laser sources for
optic applications or the creation of a supercontinuum with subsequent filtering
[48-50], this CDMA scheme has not been further taken into consideration in this
work, because one of the aims of this work has been the improvement of system

performance without extending the system’s complexity.
The different potential applications for a CDMA system are

o Local area and broadcast networks
» High bit rate point-to-point links

¢ Robust and secure transmission



2.2.1 Advantages of OCDMA

Some of the main advantages of using OCDMA systems can be summarized as follows:
* Equal distribution of available bandwidth.

« Control and organization of the network.

* Provisioning of value-added services.

* Security.

Bandwidth: In OCDMA, users can access equal portions of the available channel
bandwidth. Here, the bandwidth is equally shared by all active users and can be divided
into virtual channels. Consequently, the OCDMA system users can equally share access of
the available resources of the network. Further, this is also the reason why, no single user
one can block another from accessing the optical channel, one major advantage of
OCDMA networks.

Network Control: In OCDMA technology, the optical codes of optical are distributed in
such a way that, the peak auto correlation for the shifted and non shifted optical signals can
be alternatively small or large. Consequently, the optical receivers can manipulate
asynchronously these signals without the need of global clock synchronization between
them. In this way, the OCDMA technology can properly manipulate and control the signal
transmitted within the whole system.

Value added Services: In OCDMA uses different types of optical codes. In this way,
various services for different types of traffic can be easily introduced. For example, the
code rate for high and low importance traffic can be set different such that transfer of e.g.,
real time audio/video signals and electronic mail can be give different priorities.
Consequently, OCDMA plays an important role in providing customized or value-added

services to its users.

Security: If we consider an OCDMA system with 41 wavelengths and 961 time chips, it
will require 1350 years trying all possible combinations before the code could be broken.
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Meanwhile, in one second, the OCDMA system can have more than 107 such codes are
used. For this reason, the security of the OCDMA system is inherent within the OCDMA
technology, which is a major advantage of OCDMA-enabled networks.

2.2.2 Drawbacks of OCDMA

In spite of their many advantages, OCDMA systems suffer from several drawbacks which

may be summarized as follows:
* Noise.
* Error correction.

* Encoding/Decoding.

* Security integration.

Noise: Beat and shot noise are both technological barriers of the physical channel which
degrade the performance of the OCDMA network. Beat and shot noise are not appearing
on the same wavelengths in case of multiple accesses. This is why, for a fixed receiver, the
energy is used for a single channel wavelength. On the other hand in OCDMA systems, the
total bandwidth is distributed.

That’s why beat and shot noise may be introduced in the wavelengths of the same
transmission channel. In OCDMA with the same wavelengths the channel bandwidth is

allocated which is the optical power from other user which guide the shot noise.

Shot noise is defined as the optical root square of the received power and is direct
proportional to the number of users. This type of noise reduces the scalability of the
OCDMA network.

Error Correction: Forward error correction is costly and unusable in OCDMA because
the speed for carrying the information in electrical cables and optical fiber is not same. For
this reason, we have to design specialized encoding and/or decoding devices in order to

correct the errors in case of optical signal transmissions.

It is possible to design codes for forward error correction devices which exclusively

depend on optical signal processing, such as optical multiplexing and wavelength shifting.
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As a result of such codes, we can manage error free transmissions in case of optical signal

processing.

Encoding/Decoding: The optical signal follows two dimensional codes. Fiber Bragg
Grating (FBG) is a periodic perturbation of the refractive index along the fiber length
which is formed by exposure of the core to an intense optical interference pattern [33]. The
optical encoder supports FBG and has a predefined center frequency and temperature. For
this reason a wavelength control loops or robust encoding device is required in order to

ease this effect.

Security Integration: Integration of hybrid laser technology represents a monetary cost
barrier in optical communication technologies. As a waveguide based encoder and as a
waveguide modulator, an array of tunable lasers integrated on the same substrate.
Substrate refers to the manufacturing materials. Semiconductor devices are manufactured
from this material. Consequently, a waveguide modulator and demodulator are cheaper to

manufacture than a monolithic LASER integration.
2.2.3 Current codes

The following sections deal with the most important codes for DS-OCDMA. Codes for a
bipolar transmission have not been considered due to the necessary complex transmitter
and receiver structure as explained earlier. Common to all codes is the ability to extract a
user’s code, also called signature sequence, in the presence of other user’s signature
sequences. A set of signature sequences for which any two signature sequences are easily
distinguishable from a possibly time-shifted version of each other is needed. Strict
orthogonality between different codewords would require p, = p; =0. Due to the positive
nature of an intensity-modulated, direct-detection system, this cannot be met. This is one
of the starting points for the different code families in sections 2.2.3.1 to 2.2.3.3. All code
families should fulfill the following points:

* Minimization of code word length F. The shorter the codeword, the lower the chip
rate B. , thus higher bit rates B can be coded before running into problems with
electronic component speeds.

e Maximization of code weight w. w equals the peak value of the ACF. The higher
this peak, the better the SNR.
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e Minimization of p,. The lower the value of p,, the more resembles the ACF a clear

and distinct peak. Important for easy tracking and synchronization.

* Minimization of p.. The lower the value of p,, the more users can simultaneously
transmit, since the overall interference is limited by K-p. , K being the number of

simultaneous users. Error-free detection is possible if n-p. < w.

¢ Maximization of code size |C| being identical to the number of possible codewords
N Maximization of possible simultaneous code words, which must not necessarily

be equal to |C]|.

Generally, these conditions cannnot be met at the same time and compromises have to be
found. The conventional codes in sections 2.2.3.1 to 2.2.3.3 emphasize different

requirements of those mentioned above.
2.2.3.1 Optical orthogonal codes

An optical orthogonal code (OOC) is characterized by the quadruple (F, w, p, , pc) with
Pa= pc = 1. All codewords of an OOC have length and weight (number of marks) w. An
OOC can be constructed by using a variety of methods [51] such as iterative construction
methods, the Greedy algorithm, algebraic coding theory, techniques with the help of
projective geometry or set theory. By stipulating code word length # and code weight w,
the appropriate OOC’s are found by optimizing the relative delays between the chips
within a codeword with respect to the other codewords [22]. It follows that for given F and
w, a maximum N of possible OOC can be constructed with

F-1
Ns[w(w—l)] 2.1)

where the brackets denote the integer portion of the real value. An upper bound on the
BER can be found by assuming a chip synchronous overlap of the codewords (worst case).
To derive the BER of OOC’s, it is first necessary to determine the probability density

function (pdf) of one mark in a codeword to overlap with a mark in another codeword.

Since there are w-w possibilities for the marks in the codewords to overlap and the

probability of each individual overlap is 1/F, the probability of an overlap is
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p=2 @2)

The pdf of the event of overlap & can then be derived as
WZ W2
Py#) = (=500 + =5k -1) (2.3)

& being Dirac’s delta distribution. Considering the on-off modulation of the bit sequence
that has to be encoded, a random variable u =%k can be defined, since the bit sequence

contains marks and spaces with equal probability. It follows that

2 2

w w
P (u)=(1 —ﬁ)ﬁ(u) + EJ(H -1) (2.4)

To drive the BER, it is now necessary to determine the pdf for the interference. One

obtains

N-1 N _ l 2 i 2 N=l—
P, (1)=§[i I-;-_"};J (1 —;"’—F] S <1 2.5)

The BER can thus be obtained by

NN ] 2y 9 et
BER=-Y|". 2 e (2.6)
25\ 2F 2F

Equation (2.6) is the upper bound for the BER, since it assumes a chip synchronized

transmission where 7h is the threshold value.
2.2.3.2 Prime sequence codes

Prime sequence (PS) codes can also be characterized by a quadruple (F, w, pa , p.) with p,
=w-1 and p. = 2. All codewords have the same weight w, where w= P, P being a prime
number. The code word length equals F with F=P°. PS code words are constructed by
using the multiplication table of the elements of the Galois Field GF (P) [52]. Codewords
are divided into P time frames. By this, the distances between marks within a codeword



are different for different sequences and every time frame contains only one mark. Each

family of PS code words thus contains exactly

N=P 2.7
different codewords. The BER can be Gaussian approximated by using the central limit
theorem and follows as

BER = (2.8)

e
J1.16-(N =1)
With N being the number of simultaneous users and @yx) is the unit normal cumulative

distribution function

1

O(x)= o fe zay 2.9)

2.2.3.3 Quadratic congruence codes

Quadratic congruence (QC) codes are developed with the help of the number theoretic
concept [53]. They can also be characterized by a quadruple (F, w, p, , p.), where F = P’
denotes the code word length, w = P the code weight, P being a prime number, the ACF
constraint p, =2, and the CCF constraint p.= 2. Similar to PS codes, there are exactly N =
P different code words within a code family for a specified prime number P. Superior to
PS codes, their ACF constraint enables their use in fully asynchronous environments.
Their ACF’s are almost ideal in a sense of optical codes at the expense of having slightly
increased number of coincidences.

The BER can, similar to the BER of PS codes, be computed by [53]

BER = u{——‘f—] (2.10)
with N being the number of simultaneous users and @(x) the unit normal cumulative
distribution function. The most important advantage of QC codes lies in the much lower
side lobes of the ACF, so that tracking and synchronization to the transmitter is much
easier due to the sharp peak in the ACF. The higher number of coincidences in the CCF (p,
= 4) leads to higher interference and a worse BER compared to PS codes (p. =2).



18

In our present study, Optical Orthogonal Codes (OOC) is used. Because it is incoherent
optical codes extensively used [23], since they can be easily generated and processed using

planar lightwave circuit (PLC) devices.

2.3 Characteristics of Optical Fiber

The characteristics of optical fibers are divided into two main categories, namely linear
and nonlinear.

2.3.1 Linear Characteristics

The main linear characteristics of optical fibers are: attenuation, group velocity dispersion,
polarization mode dispersion and optical SNR.

2.3.1.1 Attenuation

Coupling losses between the source/fiber, fiber/fiber and fiber/detector can cause
attenuation in optical links. The attenuation/wavelength characteristic of a typical glass
fiber is shown in Fig. 2.5. This figure also shows the relative magnitudes of the four main
sources of attenuation: electron absorption, Rayleigh scattering, material absorption and
impurity absorption. The first three of these are known as intrinsic absorption mechanisms
because they are characteristic of the glass itself. Absorption by impurities is an extrinsic

absorption mechanism.
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Fig. 2.5: Attenuation/wavelength characteristic of a silica-based glass fiber.



Impurity absorption: In ordinary glass, impurities, such as water and transition metal
ions, dominate the attenuation characteristic. However, because the glass is usually thin,
the attenuation is not of great concern. In optical fibers that are several kilometers long, the
presence of any impurities results in very high attenuations which may render the fiber
useless; a fiber made of the glass used in lenses would have a loss of several thousand dB
per km. By contrast, if we produced a window out of the glass used in the best optical
fibers, then we would be able to see through a window 30 km thick.

The presence of water molecules can dominate the extrinsic loss. The OH bond absorbs
light at a fundamental wavelength of about 2.7 pm and this, together with interactions
from silicon resonances, causes harmonic peaks at 1.4 pum, 950 nm and 725 nm. Between
these peaks are regions of low attenuation - the transmission windows at 850 nm, 1.3 pm
and 1.55 pm. As a large water concentration results in the tails associated with the peaks
being large, it is important to minimize the OH impurity concentration.

In order to reduce attenuation to below 20 dB/km, a water concentration of less than a few
parts per billion (p.p.b.) is required. Such values are being routinely achieved by using the
modified chemical vapour deposition manufacturing process. Different manufacturing
methods will produce lower water concentrations. For example, the vapour-phase axial
deposition, VAD, process can produce fibers with OH concentrations of less than 0.8 ppb.
With this impurity level, the peaks and valleys in the attenuation curve are smoothed out,
and this results in a typical loss of less than 0.2 dB/km.

The presence of transition metal ions (iron, cobalt, copper, etc.) can cause additional loss.
If these metals are present in concentrations of 1 ppb, then the attenuation will increase by
about 1 dB/km. In telecommunications-grade fiber, the loss due to transition metal ion
impurities is usually insignificant in comparison with the OH loss.

Rayleigh scattering: Rayleigh scattering results from the scattering of light by small
irregularities in the structure of the core. These irregularities are usually due to density
fluctuations which were frozen into the glass at manufacture. Consequently this is a
fundamental loss mechanism, which places a lower bound on the fiber attenuation.
Rayleigh scattering is only significant when the wavelength of the light is of the same
order as the dimensions of the scattering mechanism. In practice, this loss reduces as the
fourth power of wavelength, and so operation at long wavelengths is desirable.

Material absorption: The atomic bonds associated with the core material will absorb the
long wavelength light is called material absorption. Although the fundamental wavelengths
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of the absorption bonds arc outside the range of interest, the tails are significant. Thus
operation at wavelengths greater than 1.55 pm will not produce a significant drop in
attenuation.

Electron absorption: In the ultra-violet region, light is absorbed by photons exciting the
electrons in a core atom, to a higher energy state. In silica fibers, the absorption peak
occurs in the ultra-violet region at about 0.14pm; however, the tail of this peak extends

through to about 1 pm, so causing attenuation in the transmission windows.

2.3.1.2 Group Velocity Dispersion (GVD)

There are several reasons for the reduced performance of optical fiber communications.
Group velocity dispersion is such an effect which can reduce the performance of passive
optical networks.

Group velocity dispersion is the combinations of mainly two factors: dispersion of material
and dispersion of the waveguide. GVD is the effect of pulse spreading (or broadening) and
can reduce the integrity of a received signal unless appropriate dispersion modules are

included in the optical communication system.

Material Dispersion: This type of dispersion results from the fact that the refractive index
of the fiber medium varies as a function of wavelength. This causes a wavelength
dependence of the group velocity of any given mode; that is, pulse spreading occurs even

when different wavelengths follow the same path.

»t
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Fig. 2.6: Material Dispersion.

Wave-guide Dispersion: Wave-guide dispersion is very similar to material dispersion in

that they both cause signals of different wavelengths and frequencies to separate from the
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light pulse. However, wave-guide dispersion depends on the shape, design, and chemical
composition of the fiber core. Only 80 percent of the power from a light source is
confined to the core in a standard single-mode fiber, while the other 20 percent actually
propagates through the inner layer of the cladding. This 20 percent travels at a faster
velocity because the refractive index of the cladding is lower than that of the core.
Consequently, signals of differing frequencies and wavelengths are dispersed and the pulse
becomes indistinguishable. An increase in the wave-guide dispersion in an optical fiber
can be used in order to counterbalance material dispersion and shift the wavelength of zero

chromatic dispersion to 1550 nm.
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Fig. 2.7: Waveguide Dispersion.
2.3.1.3 Polarization Mode Dispersion

The polarization related impairments have become a major obstacle to the increase
transmission rates in optical fiber communication systems. Such impairments include
polarization mode dispersion (PMD) in optical fibers, polarization-dependent loss (PDL)
in passive optical components, polarization-dependent modulation (PDM) in electro
optical modulators, and polarization-dependent gain (PDG) in optical amplifiers.
Polarization Mode Dispersion is an important linear phenomenon occurring inside optical
fibers, which can cause the optical receiver to be unable to interpret the signal correctly,
and results in high bit error rates. PMD can dramatically decrease the fiber optic network's
performance, particularly those networks operating at high data rates. It can distort signals,
render bits inaccurate, and destroy the signal integrity of the network.

While the phenomenon of PMD has been known for years, it has only been recently that it
has posed a serious, realistic problem for optical networks. PMD’s negative effects result
in a limitation of a networks bandwidth or length that is, of course, undesirable. It is
important to understand however, that with proper measurement and management, the

negative effects of PMD may be minimized or eliminated altogether.
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The older fibers had the PMD value 100 times greater than that of the present day fibers.
But in the new fiber the PMD remains the major problem because of the following reasons

[54, 55]:

a) There is still a small residual asymmetry in the fiber core as shown in Fig. 2.8.
b) Slight PMD exists in the line components such as isolators, couplers, Erbium Doped

Fibers, modulators and multiplexers.

Perfect Oval

Fig. 2.8: Cross-sectional defects of optical fibers.

In addition to this, internal forces induced by thermal expansion and external forces
induced by the environment through handling and cabling, such as bending and twisting,
add slight nonsymmetrical stress fields inside the fiber core. These deviations give rise to
the phenomenon of birefringence. As a result of a property of optical fibers called
‘birefringence’, different polarizations of light are propagated at different velocities
through the fiber. As laser light is generally highly polarized, the digital bits that they emit
contain light that is also highly polarized. Couple this with the birefringence present in the
fiber and the result is that different components (polarizations) of the digital bits travel at
different velocities [56]. In other words some of the light in the bit travels faster and some
of the light travels slower. This causes the digital bit to spread in time; this is termed
dispersion. Moreover, the residual birefringence is not constant along the length of the
fiber but changes with distance in a random way, not only in amount, but also in its local
principal axes. So in the best conditions, PMD still significantly limits the deployment of
high bit rate systems. For a given fiber, PMD is supposed to be fixed. However, this is not
the case in real communication systems because environment fluctuations cause PMD to
vary randomly in time. Therefore, it is important to understand the statistical properties of

pulse propagation induced by PMD.
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Single-mode optical fiber and components support one fundamental mode, which consists
of two orthogonal polarization modes. This asymmetrical stress field introduces small
refractive index differences for the two polarization states. This characteristic is known as
birefringence. The birefringence causes one polarization mode to travel faster than the
other, resulting in a difference in the propagation time, which is called the differential
group delay (DGD). DGD is the unit that is used to describe PMD. DGD is typically
measured in picoseconds. A fiber that acquires birefringence causes a propagating pulse to
lose the balance between the polarization components. This leads to a stage in which
different polarization components travel at different velocities, creating a pulse spread as
shown in Fig. 2.9. PMD can be classified as first-order PMD, also known as DGD, and
second-order PMD (SOPMD). The SOPMD results from dispersion that occurs because of
the signal's wavelength dependence and spectral width. If the fibers were perfect, the state
of polarization (SOP) of the light signal transmitting in the fiber would remain constant
and the effects of the PMD, PDL, PDM, and PDG could be easily eliminated.

Optical fiber

DGD

Propagation direction

Fig. 2.9: Polarization Mode Dispersion.
Unfortunately, the SOP of light propagating in the length of communication fiber varies
along the fiber due to random birefringence induced by the thermal stress, mechanical
stress, and irregularities of the fiber core. Generally, at the output end of fiber the light
polarized, with varying degrees of ellipticity, and with the major elliptical axis at the
arbitrary angle. Worst of all, the induced birefringence changes with temperature, pressure,
stress and other environmental variations, making polarization impairments time
dependent. The single mode fibers manufactured in mid 1990s have the property that has
become more problematic as the bit rates and span lengths increases. This all was due to
the imperfectly rounded fiber core. As the core of a fiber should have a perfect cylindrical
shape, but in practice it is not possible to have ideally cylindrical shape because of change
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in core diameter randomly while drawing the fiber, so because of this physical limitation
the PMD occurs [47]. So as it is impossible to manufacture the perfectly symmetrical and
rounded fiber, the researchers got success to produce more symmetrically rounded fiber.

But the problem of PMD still exists with a small coefficient of 0.5 ps/vKm [35, 57].

PMD is not an issue at low bit rates but becomes an issue at bit rates in excess of 10 Gbps.
PMD is noticeable at high bit rates and is a significant source of impairment for ultra-long-
haul systems. PMD compensation can be achieved by using PMD compensators that
contain dispersion-maintaining fibers with degrees of birefringence in them. The
introduced birefringence negates the effects of PMD over a length of transmission. For
error-free transmission, PMD compensation is a useful technique for long-haul and
metropolitan-area networks running at bit rates greater than 10 Gbps. The PMD value of

the fiber is the mean value over time or frequency of the DGD and is represented as

ps/VKm.
2.3.2 Non Linear Characteristics

In this section we will try to differentiate between several nonlinearities, both elastic and
inelastic and as a result, the energy is exchanged in the medium. The major non linear
characteristics in optical fibers are as follows: Cross phase modulation, Self phase

modulation, and Four-wave mixing.

Self Phase Modulation (SPM): Phase modulation of an optical signal by itself is known
as self-phase modulation (SPM). SPM is primarily due to the self-modulation of the
pulses. Generally, SPM occurs in single-wavelength systems. At high bit rates however,
SPM tends to cancel dispersion. However, consideration must be given to receiver
saturation and to nonlinear effects such as SPM, which occurs with high signal levels.
SPM results in phase shift and a nonlinear pulse spread. As the pulses spread, they tend to
overlap and are no longer distinguishable by the receiver. The acceptable norm in system
design to counter the SPM effect is to take into account a power penalty that can be
assumed equal to the negative effect posed by XPM. By the SPM-impact new spectral
components are generated in the optical signal spectrum resulting in a spectral broadening.

Cross Phase Modulation (XPM): Cross-phase modulation (XPM) is a nonlinear effect
that limits system performance in wavelength Division Multiplexed (WDM) systems.
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XPM is the phase modulation of a signal caused by an adjacent signal within the same
fiber. XPM is related to the combination (dispersion/effective area). XPM results from the
different carrier frequencies of independent channels, including the associated phase shifts
on one another. The induced phase shift is due to the walkover effect, whereby two pulses
at different bit rates or with different group velocities walk across each other. As a result,
the slower pulse sees the walkover and induces a phase shift. The total phase shift depends
on the net power of all the channels and on the bit output of the channels. Maximum phase
shift is produced when bits belonging to high-powered adjacent channels walk across each

other.

Four Wave Mixing (FWM): FWM can be compared to the inter-modulation distortion in
standard electrical systems. When three wavelengths (A, A2, A3) interact in a nonlinear
medium, they give rise to a fourth wavelength (A4), which is formed by the scattering of
the three incident photons, producing the fourth photon. This effect is known as four-wave
mixing (FWM) and is a fiber-optic characteristic that affects WDM systems. The effects of
FWM are pronounced with decreased channel spacing of wavelengths and at high signal
power levels. High group velocity dispersion also increases FWM effects. FWM also

causes interchannel cross-talk effects for equally spaced WDM channels.
2.4 Dispersion compensation in fiber optic waveguide

Depending on the place and realization where the dispersion compensation is made in a
system, compensating methods are classified as: a) pre-chirp techniques at the transmitter
side b) dispersion compensation in the transmission line (inline compensation) and c)

dispersion compensation at the receiver side (Fig. 2.10).

Dispersion Compensation
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Fig. 2.10: Dispersion compensation methods.
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The idea behind the pre-chirping at the transmitter side is the implementation of chirp with
the opposite sign to the fiber chirp in order to counter the GVD effects in the fiber. The
main implementation area of this technique is cost effective, optical short-reach systems
(e.g. MANs) with smaller channel bit rates, but in combination with other dispersion
compensation techniques (e.g. in-line compensation) it can enable a performance
improvement even in high-bit rate transmission systems over long distances [59]. The
post-chirp techniques at the receiver side are characterized by the compensation of the
group velocity dispersion in electrical domain. This compensation method is cost effective,
and in combination with in-line compensation, enables an enhanced transmission
performance. In-line dispersion compensation represents the key enabling technology for
the realization of long-haul transmission systems. The dispersion compensation is realized
in the optical domain without electro-optical conversion of the signal, enabling better
compensation of the signal because the optical phase is maintained. The following
dispersion compensating devices are used for the realization of in-line dispersion

compensation:

Dispersion Compensating Fiber (DCF) represents the most widely used in-line
dispersion compensation technique in today’s transmission systems. The DCFs are
characterized by a large negative dispersion and a small core diameter. The large negative
dispersion values can be achieved by variation of doping the fiber cladding (e.g. by
fluorine), introducing an increase in the refractive index difference between the core and
cladding. The demands on DCFs are a large negative dispersion (-70-300 ps/nm), low
insertion losses, low polarization dependent (PDL) losses, a low polarization mode
dispersion (< 0.05 ps/Nkm), a large effective area (4ep) and a negative dispersion slope.
The DCFs can be used for simultaneous compensation of several channels, but due to
imperfections in slope compensation, a small amount of residual dispersion remains
especially in outer channels.

Phase Conjugator is utilizes the concept known as mid-span spectral inversion (MSSI).
The principle of MSSI is the spectral inversion of the optical signal spectrum in the middle
of the transmission span by applying an active component (e.g. semiconductor laser) or
highly nonlinear fiber (e.g. nonlinear phase-conjugating mirror). The short wavelengths of
the signal are interchanged with the longer wavelengths making use of a nonlinearity based

phase conjugation. This concept enables a full compensation of dispersion and dispersion
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slope, but it is less practical for the implementation in the transmission systems because of
its complexity.

Fiber Bragg Grating (FBG) modules are fabricated by implementing refractive index
changes in the fiber core. The regions with different refractive indices are called gratings.
Depending on the distance between the gratings known as grating period, which can be
realized as constant or varying (chirped), the shorter wavelengths will be reflected before
the longer ones. The consequence is pulse compression and dispersion compensation.
FBGs represent a promising technology for the realization of dynamic dispersion
compensation in tuneable dispersion compensators. The advantages of FBGs are large

nonlinear tolerance and lower device loss.

Input Broadened Recompressed
pulse pulse pulse
Optical FBG
fiber

Fig. 2.11: Schematic illustration of a dispersion compensator designed for simultaneous

compensation of GVD using fiber Bragg grating.

Among the compensation technique DCF gives good results but it is bulky, costly, and not
easy to handle. On other hand FBG-based GVD compensator offers significant advantages
such as ready integrability with all fiber optic systems, compactness and low fabrication
cost [30-33]. In this study, a theoretical analysis is presented to investigate the BER
performance of proposed model using FBG-based GVD compensator.
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CHAPTER 3

Methodology

A theoretical analysis is presented to investigate the improvement of bit error rate (BER)
performance of direct sequence optical code division multiple access with in-line optical
amplifiers. In this analysis, intensity modulation direct detection technique is employed in
single mode fiber operating at 1550nm, and optical orthogonal codes are used as address
sequence. Optoelectronic conversion is performed by an avalanche photodiode in an
optical correlator receiver. The system BER performance is determined in presence of
GVD, PMD, and their compensators on account of receiver, optical amplifier, and
multiuser access interference noises.

The aim of this chapter is to describe the proposed DS-OCDMA system and to also
describe the mathematical model of the proposed system.

3.1 System Model

. OCDMA N:1
Datain —p encoder — Conpler -

i 1111

Code
selection Other user
(a)
Fiber Optical Fiber
Section-1 Amplifier Section-n
E [ [ [ Length I
Length I'
(b)
Fiber Optical Fiber
Section-1 Amplifier Section-n
GVD
— compensator >
Length I
Length I'

(c)
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Fiber Optical Fiber
Section-1 Amplifier Section-n
GVYD L] PMD L}
= compensator compensator
Length I
Length I'
(d)

I:N _.l l_‘ Iat i6
»  Coupler —.Ifrremnr APD ategrator

T s

(e)
Fig. 3.1: Schematic block diagram of proposed OCDMA system (a) transmitter, (b)

transmission medium, (c) transmission medium with GVD compensator, (d) transmission

medium with GVD and PMD compensator, and () optical correlator receiver.
3.2 System Description

The schematic block diagram of an OCDMA transmitter, transmission medium,
transmission medium with GVD compensator, transmission medium with PMD
compensator, and optical correlator receiver is shown in Figs. 3.1 (a), (b), (c), (d), and (e),
respectively. In the transmitter, a user's data is modulated by a unipolar signature
sequence. The encoded signals of N number of users are coupled using an N: / coupler and
transmitted through optical fiber transmission medium with » sections and (#-1) in-line
optical amplifiers. The gain of the amplifier is adjusted so that the loss of the optical signal
in each fiber section is compensated. Erbium doped fiber amplifier (EDFA) is used as
optical amplifier. In the receiver, a particular user data is recovered by the correlation
operation between composite received signal and a replica of the desired user’s address
code that is carried out by an optical correlator receiver. The decoded signal is incident on
the avalanche photodiode (APD). The output signal is integrated throughout the data bit
period, and then compared with a threshold level at the comparator for data recovery. Fiber
Bragg gating (FBG) based GVD compensator is used in the system to compensate the fiber
optic GVD. We also consider another effect is called polarization mode dispersion (PMD)
in fiber optic waveguide and a compensation technique used to compensate the PMD.
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subsections:

3.3.1 GVD-Induced Pulse Broadening in Optical Fiber

We first consider of an initially transform-limited pulse of 1/e-widtho,, broadened by

propagation through optical fiber of length Lwith dispersion 8; . In this study, second-
order fiber dispersion is considered. In case of super-Gaussian, the incident field can be

written as [60]

2m
L |
0,f) = Y
g(0,¢) =exp 5 (to] (3.1)

Where ¢, is the initial pulse width, and m is the order of super-Gaussian.

The super-Gaussian pulse is still keeps its shape for the super-Gaussian form in deliver

process. After the distance of transmission L , the relation of the pulse width o and initial

pulse width o, = (to / 42 ) is given by [60]

1/2
o 1 I+I’(2—1/2m)(mﬂl,fL)2
o, o, rGizmy 1 ©2)

In case of Hyperbolic-Secant pulses, the incident field can be written as [60]

g(0,¢t) = sec k[LJ (3.3)

Ly

The Hyperbolic-Secant pulse is still keeps its shape for the Hyperbolic-Secant form in

deliver process. After the distance of transmission L , the relation of the pulse width o and

initial pulse width o = (7 /+/12)¢, is given by [60]

3 152
i_L={1+(”ﬂZf] } (3.4)
o, O, 60,
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3.3.2 Dispersion of Fiber Grating

The dispersion characteristics of an infinitely long grating are similar to those of a finite-
length apodized grating. To a good approximation, the grating dispersion can be described
by the following dispersion relation of a periodic structure, which is obtained using the

coupled mode equations [30]
d* =p* +k’ (3.5)

where d =(w—a,)n/c is the detuning of the channel carrier frequency w from the
resonant Bragg frequency w,, ,and p= - B, is the deviation of the propagation constant
f from the Bragg wavenumber 3, , n is the mode index in a single-mode silica fiber, and
cis the speed of light in vacuum. The coupling coefficientk is defined in the usual
manner. The grating stop band is obtained corresponds to detuned frequencies 0d| < k) ;
where the reflectivity is high. At frequencies close to the stop band Od] > k), the grating

exhibits strong second and higher-order dispersions, which strongly affect the light
propagation. On the short-wavelength side of the stop band(d >0), the dispersion is

anomalous. In contrast, on the long-wavelength side (d < 0) , the dispersion is normal and
can be used for compensation of anomalous GVD of fibers in the 1550nm wavelength
region. Clearly, at frequencies far from the stop bandﬂd‘ >> k) the grating plays no
significant role, and the dispersion relation becomes identical to that of a uniform medium,

ie., p~*d. We only consider the second order dispersion S and third order dispersion
Bs for fiber grating. The term B (d)is the (quadratic) group velocity dispersion given by
[30]

2 2
B (d)={§} Ty (3.6)

and pf (d)is the cubic dispersion which is given by [30]

i B|  Kd
/25 (d)_{c} (dz_kz)sfz (3.7)
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Clearly, both B% and g diverge at the band edge (d = k).

In an ideal dispersion compensator, the dispersion of the grating is matched to that of the

fiber, i.e.,
L,|Bf|=L|p!| (3-8

where f7 is the quadratic dispersion of the grating and ﬂzf is the quadratic dispersion of

the fiber. Here we define an ideal dispersion compensator to be that which recompresses
the dispersion-broadened pulse to its transform-limited pulse width. Of course, the cubic
dispersion of the grating acts to diminish the efficiency of compression and to distort the

pulse, and thus must be as small as possible for the grating to approach ideal behavior.
3.3.3 Pulse Propagation in Fiber Bragg Grating

We now model the grating structure by a highly dispersive uniform medium with the
quadratic dispersion f; and cubic dispersion B . This allows us to use the wave equation

instead of solving coupled-mode equations to study pulse propagation in the grating. As
we neglect fourth and higher order dispersion, the slowly varying amplitude of the pulse

envelope satisfies

o ipf o pEo
— - 9(z,0)=0 3.9
(62 2 oF 6 o 2
where zis the axial position along the grating. When a GVD-broadened pulse width o,
propagates through the grating then pulse width is recompressed to o,. The rms pulse
width after propagating in a grating of length L can be found analytically for the case
including quadratic and cubic dispersion. The ratio of initial pulse width o©,and

recompressed pulse width o, , can be written as [31]

-1/2

% =BT (1+p:L,a,)f +(£;Gi§] +[1+(2afaf)“]%{Lgﬁ’g ] (3.10)

3
o, o, . 20,
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Where the chirp parameter (af) of Gaussian pulse is given by [30]

a, = (3.11)

3.3.4 Pulse broadening due to PMD

The rms pulse width broadened due to the PMD is given by [61]
2 2, | 2 2
o’ =0} +z[(Q )-(s(2)) ] (3.12)
where Q and s are the input PMD vector and the input state of polarization (SOP),

respectively, &, is the initial rms pulse width defined as o2 = (1/27) Jtz] f()|*dt, and the

bracket denotes frequency average such that (a) = J- alf(w)’dw. f() and f(w)are the

initial pulse amplitude and its Fourier transform, respectively. It should be noted that
(3.12) includes all higher order PMD effects and does not depend on the pulse shape. If we

1
define an expected rms broadening b (: —J as
Oy

oo

where E{}denotes expectation value. From (3.13), the broadening factor due to the PMD

E{( ¥l (3.13)

is given by [61, 62]

2 _
b

1 a1 A CA
e [E{Ao' }—5 [ [Gon—wy). le dw,dw, (3.14)

T
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where Ao is the magnitude of the PMD vector (= |Q|), referred to as the differential group

delay (DGD). In deriving (3.14), the order of the frequency integration and averaging was
changed, and the frequency correlation of the PMD vector is used, which is given by [63]

s P|:— Ag-z}(w]“wz)z:|
EfQ,(w)Q,(w,)}= %5(: ~D)G(w, —w,)=@—1) . (3.15)

For an intensity normalized Gaussian initial pulse, the broadening factor is calculated

analytically and given by

1 4z %
bl =l+z——||1+—| -1 3.16
vc z 2{[ 3] ] ( )
EiAc’t D2 L
where z= {Ao; }= e (3.17)
40, 40,

Here L is the length of the fiber, and D,,,, is the polarization mode dispersion coefficient.

The frequency correlations between the higher order PMD vectors, which are defined as
frequency derivatives of the PMD vector, can be derived by differentiating (3.15)

d(uw) G

EQ® QW =
)=

(3.18)

which also gives us the expectation of the higher order PMD vector as a function of
E {Aa"}. In (3.18), Q™ is the vth-frequency derivative of the PMD vector, that is, the
(v+1)th-order PMD vector.

3.3.5 PMD Compensation with frequency advanced higher-order PMD vectors

In this section, a simple approach to higher-order PMD compensation is presented with
frequency advanced higher-order PMD vectors. The idea is to use the frequency average of
the higher order PMD vector of the fiber in emulating the compensation PMD vector. The

compensation PMD vector will be in the form ofQ_ =(Q)+ (Q(">w+ <Q(2‘ )(wz/z)_._ .

This compensation vector may not be a good approximation of the fiber PMD vector near
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the center frequency for large PMD values, but in terms of PMD compensation, it may be

more effective. The performance of this approach is also analyzed in the chapter 4.

A. First-Order Compensation

In the first-order compensation, the total PMD vector is Q, =Q—(Q), and the

broadening factor is calculated in the same way

efol, )= eler))- s{oy

; o) 1fow)
o[ J:G(w,—wz).l LJE ) dw,dw, (3.19)
b2, =1 +z—%[(l i 4;] —1}. (3.20)

B. Second-Order Compensation

Applying the idea to the second-order compensation, the total PMD vector becomes

Q,, =Q—(Q)- (Q(” >w and the broadening factor is obtained as follows:

efes. )} efot ) e (w)-2afa0 )

)[: f; dG |f(“"1)| lf(“’)l i i

= E{(Q >
47

ls.r

-2], J::,i% Vel 4, 4, (321)

4r’

3 42\ 4z 4z* 42\ 3
b? =bz,+—(1+—] -3 z+][l+—) W s 14 28] 42 322
2nd 1 2 3 ( ) 3 3 Z 3 2 ( )

C. Third-Order Compensation

In the third-order compensation, the total PMD vector 1S
Q,,=0-(Q)- (Q"’)w— (Q(z’)(wZ /2), and the broadening factor is calculated as follows:
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eloi.))- elos )l sl(a®) () (oo @)oo o)

( [; L d‘G |f(“’1)| |f(W2)|

B E{(Qi"“) dwldw? 4r’

dw,dw,

Sw)| | f(w,) d*G |[f(w)| | f(w,)
[ LG LIV ) [ ST

(3.23)

E{s(0,., ) |- E (5{_ (Qm)<w7z>]]z}

_ (Wz)z d4G |f(wl )|2If(w2)|2
T 12 .E, -E»dzwldzwz 4r dw,dw, (3.24)

2 3/2 1/2
bspy =byy +2 |+4z] (Eg’ﬁiIHEJ of 202 B D 1+E]
3 3 4\ 3 3 2 40 3

3 2 =112 4 2 -3/2
(322 22 3. [HE) [ 2 1+4_z) 1 (3.25)
27 3 2 3 81 3 3

3.3.6 The BER Calculation

In this analysis, the effects of shot noise, surface leakage current and thermal noise current
associated with APD receiver are considered. Furthermore, we assume that all users have
the same effective power at any receiver, the identical bit rate and signal format. For an

OCDMA system with N transmitter and receiver pairs (users), the received signal Yo (D

is the sum of N user’s transmitted signals, which can be given by

L N A )
V=P Y, Y BAGD [ glt—a, - T )t (3.26)

=1 j=1

where P, is the received pulse peak power, B, is the i-th user’s binary data bit (either “1”

or “0”) with duration 7, at time ¢ (0<t<T,), 4,(;) is the j-th chip value (either “1” or
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“0”) of the i-th user address code with code length y_, (), code weight W, and a. is the
time delay associated with the i-th user’s signal. Without loss of generality, we assume that
user 1 is the desired user, all delays «, at the receiver are relative to the first user delay
only, i. e, a,= 0. g(t) is the Gaussian function with period 7., and satisfies the
normalization condition. All users are assumed chip synchronous, i.e., @, =nT. , and

0<n<F is an integer. In that case, the multiple access interference (MAI) will be
maximum and the BER will be an upper bound on the BER for the chip asynchronous

case. At the receiving terminal, the correlation operation between signal y_ (f) and a

replica of the desired user’s address code is carried out by an optical correlator receiver to

achieve decoding. The decoding signal is incident on the APD. Output photocurrent Y,

sampled at time 7 =7, can be written as
Yi=p +pu +u,+u, (3.27)

Where u is the desired user’s signal current, 4" the interference signal current due to
MAI, u, the APD noise currents which includes shot noise current, bulk dark current,

surface leakage current, and thermal noise current, and #, optical amplifier noise currents

(i.e. signal-spontaneous beat noise, spontaneous-spontaneous beat noise). We assume that
the (F,W, g(t)) OOC’s selected as user address codes. By the correlation definition of

OOC’s, each interference user can contribute at most one hit during the correlation time. If

7 denotes the total number of hits from interference users, the probability density function

of y is given by

N-1
P(7)=( » Jp’q”“"’ (3.28)

Where p=W?/2F, g=1-p and y is an integer (0 <y <N-1). If code length F', code
weight W and y are given, the first two terms in (3.27) can be determined. We assume
that the APD noise current has Gaussian nature. The output photocurrent ¥, can be
regarded as a Gaussian random variable. Its average /, and variance 7,” for bit “1” and

“0”. Since the received signal is multiplied by the user address code, i.e., (0,1) sequence.
During the bit “1” interval of the desired signal, photons fall on the APD only during the
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W mark intervals and are totally blocked during the F —W space intervals. During the W
chip intervals of the desired signal, the total number of pulses (either marks or spaces) due

to N users is WN . Among these WN pulses, there are W +y mark pulses with power
levelo, P, and WN —(W +y) space pulses with power level o, £P, . Here, o, include the
effect of the fiber impairments, and & is the extinction ratio of APD receiver. Therefore,

for data bit “1” the average photocurrent 7, and noise variance 7,” are given by
I, =M(R,GP' +1,,)+1, (3.29)

4x,T
L (3.30)

7" =2eM**(R,GP, +1I,,)B, +2el B, +

4GIy1g,1'B, (1,L) B.(2B,-B.)
+ +
B, B,

where the exponent x varies between 0 and 1.0 depending on the APD material and
structure, M the average APD gain, R, the unity gain responsivity, e an electron charge,
1, the average bulk dark current, which is multiplied by the avalanche gain, 7, the
average surface leakage current, which is not affected by avalanche gain, B, the receiver
electrical bandwidth, x, the Boltzmann’s constant, 7' the receiver noise temperature, and

R, the receiver load resistor.

P' =W +7)o, P+ WN -W - y)o 2P, (3:31)
Iy =N, N (G-1)eB, (3.32)
i . (3.33)

* hv(s+1)

where N, is the spontaneous emission factor, N, is the number of optical amplifier, G is
the gain of optical amplifier. o, is the ratio of initial rms pulse width &, to output rms

pulse width o .

For data bit “0”, the average photocurrent/, and noise variance z,”of Y, can be

determined in the same way as for data bit “1”. In this case, I, and 7,’ can be written as
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I, = M(R,GP® +1,,,)+1I, (3.34)
rs} =2eM* (R.GE +1,,)B, +2el, B, + 2 p.
R, (3.35)
AGLIL B, (1,L)B,(28,-B,)
- B B
where
P® = yo,P, + (WN — y)o, &P, (3.36)
0 = _2ePy (3.37)
hv(e+1)

For the desired user’s data bit “1” or “0”, the conditional probability density function of

the output photocurrent Y, can be expressed as

(3.38)

| (=1
”“(""’")zm"“’[ = )}

—a—%f]
0)= : 3.39
(117 ) J T, D[ 274 (3.35)

For a given threshold level I,,, the probability of errors for bit “1” and “0” are calculated

by

POG)=["P Al 1}11_—eq%[ J?I”W (3.40)
PO(y)= fp (I|y0}ﬂ—erj%(ﬁ\ (3.41)

The probability of error per bit, depended on the threshold level 7, is defined as

aM=ﬂﬁ%ﬁﬁWﬂ (3.42)



The threshold level /,,, is defined as

_ tody +71,d,

I, (3.43)

Ty +TI

Here, we assume that the bit “1” and “0” have the identical probability. The total

probability of error P, per bit is given by

'S Nty . wi,
P.=Y P g (3.44)
r=0 }’
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CHAPTER 4

Results and Discussion

Using the mathematical formulations presented in Chapter 3, the BER performance of DS-
OCDMA system is evaluated in the dispersive fiber medium. The purpose of this chapter
is to present the numerical results obtained for the proposed OCDMA system. In Section
4.1 the impact of GVD on the BER performance of proposed system is presented. The
chipshape-dependent performance of the proposed OCDMA system in presence of GVD is
discussed in Section 4.2. Section 4.3 presents the improvement of BER performance of
proposed system using FBG-based GVD compensator. Influence of PMD on the BER
performance of the proposed system is described in Section 4.4. Also, performance
improvement of the proposed system is presented in Section 4.5 in presence of PMD

compensation using frequency advanced higher-order PMD vectors.

4.1 Performance Analysis in Presence of GVD

Following the analytical formulations presented in Chapter 3, the BER performance of a
DS-OCDMA system is evaluated including the effect of GVD. In the numerical
calculations, Gaussian shaped OOC’s are used as user address sequence. For
optoelectronic conversion InGaAs-based APD is used in the system receiver. Its primary
parameters are taken as follows: mean gain M = 20, Excess noise index x= 0.7, bulk dark

current /,,= 2 nA, and surface leakage current /;, = 10 nA. Other parameters are receiver

load resistor R, =1000 €2, and extinction ratio& = 0.05. The parameters of the single mode
fiber used for numerical computations are: chromatic dispersion co-efficient D = 18

ps/(km.nm) for wavelength A =1550 nm and fiber attenuation = 0.2dB/km.

Figure 4.1 depicts the plot of BER versus number of simultaneous users. The results are
obtained for Gaussian-shaped chip as a function of chip rates when fiber length= 50km. It
is found that the BER performance of the proposed system is strongly dependent on the
number of simultaneous users, and chip rates. The BER performance degrades with large
number of users due to the effect of MAI for all values of chip rate. It is also found that the
BER performance is aggravated with increasing chip rates due to interchip interference

caused by dispersion-induced broadening. The possibility of interchip interference
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increases with increasing chip rate, because of shortest chip duration even for the small

fiber length.

Figure 4.2 shows the BER versus number of simultaneous user curves plotted as a function
of fiber lengths at constant 10Gchip/s. It is found that the BER increase with increase in
fiber length from 50km to 200km. It can be interred that, with increasing transmission
distance the dispersion-induced pulse broadening becomes severe. As a result, the
proposed system BER performance degraded more with increasing fiber length.

Figure 4.3 shows the plot of BER versus received signal power with variable chip rates;
and constant fiber length of 200km and number of simultaneous users 10. It is found that
higher received signal power is needed when chip rate changes from 10Gchip/s to
20Gchip/s in order to maintain a BER of 10, This is due to dispersion-induced pulse
shape distortion which increases with increasing chip rate. For a particular value of chip
rate, SNR increases with increasing received signal power, and hence the system BER

performance is found to improve.
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Fig. 4.1: Plot of BER versus number of simultaneous users with variable chip rates and
constant fiber length of 50km.
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Fig. 4.3: Plot of BER versus received power with different chip rate when fiber length =
200km and number of simultaneous users =10.
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The power penalty suffered by the system is determined at BER of 10™ and plotted in Fig.
4.4 with respect to fiber length for different number of simultaneous users in presence of
GVD at chip rate 10Gchip/s. It is found that power penalty for the proposed system
increases with increasing fiber length. This is because GVD-induced pulse broadening
increases with fiber length resulting in degradation of the system SNR. The typical values
of power penalty are 6.4 dB and 12.73 dB for fiber length 50km and 300km at 10Gchip/s
and number of simultaneous user 10. It is also found that the power penalty increases with

increasing number of simultaneous user due to the effect of MAL

Figure 4.5 depicts the plot of power penalty versus fiber length for different chip rates. The
results are obtained in presence of GVD for the number of simultaneous users 10. It is
observed in Fig. 4.5 that the power penalty increased with increasing the fiber length due
to the fiber optic dispersion. It is also found that the system performance severely degrades
with increasing chip rate due to interchip interference caused by GVD-induced spreading

and overlapping of short duration chips.

From above results it is cleared that the numbers of simultaneous users are limited by the
MAI-induced effect in DS-OCDMA system. It is also found that GVD-induced effect
severely degrades the system performance which also limits the maximum transmission

fiber length and higher chip rate.

In this section, the BER performance of the proposed OCDMA system is discussed for the
Gaussian-shaped chips. Since the system power penalty severely degrades with chip rates
it is very much important to study the system performance further with chip shape. In
order to do so, super Gaussian and Hyperbolic-Secant chip shapes are chosen and the

details are discussed in the next section.
4.2 Chipshape-dependent Performance in Presence of GVD

In previous studies [22, 23], performance of OCDMA is investigated using rectangular-
shaped OOC'’s. It is well know that rectangular shaped waveform contains more harmonics
that may lead to overlapping of chips due to GVD of fiber optic waveguide. It is
anticipated that GVD-induced pulse shape broadening can be reduced using Gaussian or
other chipshapes containing less harmonics. To understand the chipshape-dependent
performance of OCDMA, super Gaussian shaped chips are used that can be converted
from Gaussian to rectangular shaped depending on the order of super Gaussian. Further the



performance of super Gaussian-shaped chips is compared with an advanced chipshaped
called Hyperbolic-Secant. Using the analytical formulations in the previous chapter 3, the
Chipshape-dependent BER performance of DS-OCDMA is analytically studied.

The power penalty suffered by the system is determined at BER of 10”° and plotted in Fig.
4.6 with respect to the number of simultaneous users for Hyperbolic-Secant shaped chip
and different order of super-Gaussian shaped chip in presence of GVD. The results are
obtained at chip rate 10Gchip/s, and fiber length=200km. It is found that power penalty
increases with increasing number of simultaneous users due to the combined effects of
MALI, and GVD. It is also found that the system suffers more penalty with increasing the
order of super-Gaussian (m). This is because super-Gaussian shaped chip become
rectangular-shaped chip, with the increasing the value of m, which contains more
harmonics. However, the power penalties are reduced by 1.15dB for N =10 and 0.9dB for
N =15 when Hyperbolic-Secant shaped chip is considered instead of 1st order super-
Gaussian shaped chip. The same results are found to be 4.45dB and 4.2dB in case of 4th

order super-Gaussian shaped chip.
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It is also observed in Fig. 4.7 that the power penalty increases with increasing fiber length
due to the dispersion. In case of Hyperbolic-Secant shaped chip the power penalty reduced
by 0.5dB and 1.15dB respectively, for 50km and 200km fiber length with respect to 1st
order super-Gaussian shaped chip when number of user is N =10. The dispersion-induced
penalty found to increase significantly with increasing order of super-Gaussian. The
chipshape-dependent performance is presented in this section demonstrates that the power
penalty suffered by the OCDMA system can be reduced using Hyperbolic-Secant shaped
address sequence. However, still due to dispersion-induced power penalty, long distance
communication will be limited in OCDMA system. It is therefore very much important to
employ suitable dispersion management technique for improving performance of the

OCDMA system proposed here.



48

4.3 Performance Improvement using FBG-Based GVD Compensator

There are many approaches for managing GVD in fiber optic communication as discussed
in previous chapter. Among the dispersion management techniques FBG-based GVD
compensator is more compact, can be integrated easily with fiber optic system, and gives
better performance. Using the mathematical formulations presented in previous chapter 3,
the BER performance for the proposed OCDMA system is evaluated in presence of FBG-
based GVD compensator. The GVD parameter of a SMF operating at 1550 nm is taken as
18 ps/(km.nm). In this analysis, Gaussian shaped OOCs are used as user address sequence

and number of user =1.

Figure 4.8 shows BER versus received power plotted for the variation of fiber Bragg
grating length from 0-14cm while the fiber length, chip rate, detuning, and coupling
strength are fixed at 50km, 40Gchip/s, -8cm’’, and 4cm’, respectively. It is found that the
receiver sensitivity improves with increasing grating length. There is an optimum grating
length (OGL) for which the system BER is found minimum. If the grating length is
increased above the OGL the system BER performance starts degrading. This is because
the group delay induced due to dispersion for a particular fiber length can be compensated
by FBG-based compensator with OGL. After the OGL, instead of compensation, the pulse
width starts broaden with increasing grating length according to (3.8) and (3.10).

The power penalty suffered by the system is determined at BER of 10” and plotted in Figs.
4.9-4.11 as a function of fiber length with the variation of grating length, coupling
strength, and detuning, respectively. The results are estimated at chip rate of 40Gchip/s. As
seen in Fig. 4.9 the dispersion-induced penalty compensates rapidly with grating length to
a point where optimum compensation is obtained. After the optimum compensation the
dispersion-induced penalty increases sharply with grating length. It is also found that the
OGL, for which the optimum compensation is obtained, strongly depends on the fiber
length. The stimulated grating lengths are found to be 9.5cm, 14cm, 19cm, and 24cm for
the fiber lengths of 50km, 75km, 100km, and 125km, respectively. This is because the
fiber optic GVD increases with fiber length. To compensate GVD-induced pulse
broadening that occurs from longer fiber length, longer grating length is required. It is also
found in Fig. 4.9 that there is a constant penalty (1.24dB) called threshold penalty that can
not be compensated with the variation of grating length. This may be degradation of
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grating performance due to third order dispersion. Similar results are found in Fig. 4.10
and Fig. 4.11 when the grating parameters such as coupling strength and detuning are
varied. The optimum coupling strength is found 3.9cm™, 4.46cm™, 4.84cm™, and 5.13cm™
for the fiber length 50km, 75km, 100km, and 125km, respectively. In Fig. 4.10 it is
observed that the threshold penalty is not constant with fiber length rather it increases with
coupling strength. When fiber length is 50km, the threshold penalty is evaluated to be
1.198dB. However, the threshold penalty is evaluated to be 1.793dB when fiber length is
increased to 125km. This is may be degradation of grating performance due to direct
correlation of coupling strength and third order grating dispersion as shown in (3.7).
Similar results are also found in Fig. 4.11 where optimum values of detuning are evaluated
-8.15cm™, -7.37cm™, -6.89cm™, and -6.56cm™" for the fiber lengths of 50km, 75km,
100km, and 125km, respectively. Here the threshold penalty found to increase more with
fiber length. The typical values are evaluated to be 1.172dB and 2.134dB for the fiber
lengths of 50km and 125km, respectively. This is may be due to the fact that the third-
order gating dispersion increases more with increasing the values of detuning according to

3.7).

It is also shown in Fig. 4.12-4.13 that the OGL for a particular fiber length highly depends
on the detuning and coupling strength. It is found from Fig. 4.12 that the OGL increases
with increasing detuning. This is because the inverse relationships between second-order
gating dispersion and detuning. It is found from Fig. 4.13 that the OGL decrease with
increasing coupling strength. This may due to the fact that the second-order gating
dispersion is directly proportional to coupling strength.

To understand the performance of FBG-based compensator as a function of chip rate the
power penalty suffered by the system is determined at BER of 10”. The results are shown
in Fig. 4.14. 1t is found that the GVD-induced penalty is almost negligible below
10Gchip/s and increases sharply when chip rate increases above 10Gchip/s. This is
because inter chip interference increases with increasing chip rate due to dispersion. The
GVD-induced penalty is compensated using FBG-based compensator. The results are also
shown in Fig. 4.14 in which the GVD-induced penalty is compensated about 85%, 80%,
and 78% at chip rate of 40Gchip/s, 60Gchip/s, and 80Gchip/s, respectively. This is because
FBG-based compensator can not be used for full compensation due to third-order
dispersive effects in grating.
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Figure 4.15 depicts the plot of power penalty versus fiber length in presence of GVD and
FBG-based GVD compensator at chip rate = 40Gchip/s. It is found that the power penalty
increases linearly with increasing fiber length due to the effect of dispersion. Using FBG-
based GVD compensator, the GVD-induced penalty can be compensated significantly but,
can not be compensated totally. There are threshold penalty that occurs due to the effect of
third order dispersion in the grating. The threshold penalty is found to be almost constant
for different fiber lengths. Because, third-order grating dispersion is independent of grating
length. The GVD-induced penalty is compensated about 90% using FBG-based
compensator for the fiber length of 100km.

4.4 Performance Analysis in Presence of PMD

In conventional optical fiber communication system influence of PMD becomes prominent
when bit rate is higher than 20Gb/s. Since a bit is converted into several chips with short
duration in OCDMA system, impact of PMD will be severe in OCDMA. To understand
the BER performance of the proposed OCDMA system in presence of PMD, the
mathematical formulation presented in chapter 3 are used. In our calculation, Gaussian

shaped OOC’s are used as user address sequence. The parameters of the single mode fiber
used for numerical computations are: PMD co-efficient D,,, =0.5 ps/ Jkm at
wavelength A =1550 nm and fiber attenuation = 0.2dB/km. Also, assuming that the GVD-

induced effect is compensated.

Figure 4.16 depicts the plot of BER versus number of simultaneous users for constant
transmitted signal power. The results are evaluated for Gaussian-shaped chip with different
values of fiber length L when chip rate = 80 Gchip/s. It is found that the BER performance
of the proposed system is highly dependent on the number of simultaneous users as well as
fiber length. The BER performance degrades with number of users due to the effect of
MALI for all values of L. It is also found that for a particular number of users, the BER
performance is aggravated with increasing fiber length due to the effect of PMD. This is

because the amount of birefringence increases with increasing fiber length.
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The BER performance is further plotted in Fig. 4.17 with respect to received power for
different fiber lengths when chip rate = 80 Gchip/s, and number of simultaneous users 10.
It is found that the amount of received signal power increases with increasing fiber length
in order to maintain a constant BER of 107, because the SNR goes below the base receiver
sensitivity due to the effect of PMD.

The power penalty suffered by the system is determined at BER of 10”° and plotted in Fig.
4.18 with respect to the chip rate for different fiber lengths. The results are determined for
the simultaneous users 10. It is found that the power penalty increases with increasing chip
rate due to the effect of PMD. It can be depicted that, with increasing chip rate, the chip
duration becomes very short, consequently, the possibility of interchip interference
increases between the adjacent chips due to the differential group delay resulted from
PMD. The PMD-induced penalty is evaluated to be 3.28dB when chip rate increases from
10Gchip/s to 80Gchip/s for the fiber length of 150km. It is also found in Fig. 4.18 that the
system suffers more penalties with increasing fiber length. The PMD-induced penalty
increases from 6.345dB to 9.117dB with increasing fiber length from 50km to 200km for a
constant chip rate of 80Gchip/s.

Figure 4.19 shows the plot of power penalty verses number of simultaneous users with
variable chip rates. The results are determined for the fiber length=100km. It is found that
the propose system suffers more penalty with increasing number of users due to the effect
of MAL It is also found that for a particular number of users, the system suffers more
penalties with increasing the chip rate due to interchip interference caused by PMD-

induced broadening of short duration chips.
4.5 Performance Evaluation in Presence of PMD Compensation

It is presumed that the BER performance of the proposed OCDMA can be improved by the
PMD compensation using a suitable compensation technique. Using the mathematical
formulations presented in chapter 3, the BER performance of the proposed system is
further determined in presence of frequency advanced higher-order PMD compensation
technique.

The power penalty suffered by the system is determined at BER of 10? as a function of
chip rate. Figure 4.20 shows a comparison among the power penalties evaluated taking

into account of PMD and different order of PMD compensation at chip rate of 80Gchip/s
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and fiber length = 100km. The analysis is carried out for the PMD co-efficient
D, =0.5 ps//lm and fiber attenuation = 0.2dB/km. It is found that the PMD-induced
penalty is almost negligible below 20Gchip/s and increases sharply with increasing chip
rate. This is because differential group delay between two principle states of polarization
increases with increasing chip rate. The PMD-induced penalties are found to be
compensated 1.59dB, 2.13dB, and 2.25dB, using the first-, second-, and third-order PMD
compensations, respectively. It is also found in Fig. 4.20 that there is a constant penalty
(~5dB) at lower chip rate that can not be compensated, because this penalty is due to MAI

noise for the simultaneous users of 10.
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Fig. 4.20: Plot of power penalty versus chip rate at fiber length = 100km, and number of

simultaneous users 10 in presence of PMD and PMD compensation.
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To understand the performance of PMD compensation in terms of PMD co-efficient the
system BER performance is further evaluated for 100km fiber length, 80Gchip/s and
number of users 10. The results are shown in Fig. 4.21 where the compensation
performance found to improve with increasing PMD co-efficient. The results indicate that,
using the first-, second-, and third-order PMD compensations, it is possible to compensate
PMD-induced penalties approximately 1.94dB, 2.92dB, and 3.24dB, respectively, for the
PMD-coefficient 0.9 ps/Ykm. The results presented in Figs. 4.20 and 4.21 indicate that
using the frequency advanced higher order PMD vectors it is not possible to have full
compensation. The results also indicate that third-order PMD compensation gives better

results than the first-, and second-order compensations.
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CHAPTER 5

Conclusion and Future Scope

5.1 Conclusion

We have analytically studied the impact of GVD on the performance of DS-OCDMA of a
SMF operating at 1550nm. The analysis is carried out by Gaussian shaped OOCs. APD is
used in the optical correlator receiver for optoelectronic conversion. The effect of receiver,
optical amplifier, and MAI noises are considered to evaluate the BER performance. The
power penalty suffered by the system at BER of 10” is determined as a function of fiber
length, number of simultaneous user, and chip rate. The results obtained in the present
study demonstrate that the system BER performance degrades severely due to GVD at
longer fiber length. The typical value of power penalty changes from 7.54dB to 15.32dB
for increasing the fiber length from 100km to 400km when chip rate is 10Gchip/s. It is also
found that the BER performance of the proposed system degrades due to GVD with
increasing chip rate. The system power penalty increases 7.16dB when chip rate is
increased from 10Gchip/s to 25Gchip/s at fiber length=200km and number of simultaneous
user=10. The power penalty is also found to increase from 6.04dB to 9.05dB when number
of simultaneous user increases from 5 to 20 for the fiber length of 100km, and chip rate of
10Gchip/s.

We have further theoretically studied the chipshape-dependent performance of the
proposed DS-OCDMA in presence of GVD. The analysis is carried out by OOCs with
super-Gaussian-shaped and Hyperbolic-Secant-shaped chips using the same receiver as
discussed above. The power penalty suffered by the system at BER of 10” is determined
as a function of fiber length, number of simultaneous user, and chip shape. The results
show that the proposed system suffers minimum power penalty for the Hyperbolic-Secant-
shaped chip with respect to the super-Gaussian-shaped chip. The power penalty reduced by
0.63dB and 1.63dB for fiber length of 100km and 400km , respectively, when Hyperbolic-

Secant-shaped chip is used and number of simultaneous users = 10.

We have also theoretically studied the improvement of BER performance of DS-OCDMA
using FBG-based GVD compensator. The analysis is carried out by OOCs with Gaussian-

shaped chip considering number of user = 1. The receiver and optical amplifier noises are
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considered to evaluate the BER performance. The power penalty suffered by the proposed
system at BER of 107 is determined as a function of compensator parameters, fiber length,
and chip rate. The results show that there is an optimum grating length, detuning, coupling
strength at which the proposed system suffers minimum power penalty for constant fiber
length. It is found that about 90% of GVD-induced penalty can be compensated using
FBG-based compensator when chip rate = 40Gchip/s, and fiber length = 100km.

Further, the BER performance of the proposed DS-OCDMA system is evaluated in
presence of PMD. The results obtained in the present study demonstrate that the system
BER performance degrades severely due to PMD at higher chip rate. The typical value of
power penalty changes from 5.046dB to 7.44dB for increasing the chip rate from
10Gchip/s to 80Gchip/s when fiber length is 100km and number of user=10. It is also
found that the BER performance of the proposed system degrades due to PMD with
increasing transmitting fiber length. The system suffers power penalty from 6.054dB to
8.399dB when fiber length is increased from 50km to 200km at chip rate of 70Gchip/s and
number of user=10. The power penalty is also found to increase from 5.244dB to 8.594dB
when number of simultaneous users increase from 5 to 25 for the fiber length of 100km,
and chip rate of 60Gchip/s. Since the performance of OCDMA severely degrades in
presence of PMD, it is very much important to investigate the system performance in
presence of PMD compensation. In order to do so frequency advanced higher-order PMD
compensation technique is applied. It is found that the BER performance of the proposed
system is improved significantly using PMD compensation. The PMD-induced penalty is
reduced about 65%, 87%, and 92% using first-, second-, and third-order PMD
compensations, respectively, at fiber length of 100km, and chip rate 80Gchip/s.

Finally it is concluded that significant improvement of the proposed OCDMA performance
is possible by compensating GVD- and PMD-induced power penalties using FBG-based
GVD compensator and frequency advanced higher-order PMD vector compensation
techniques. Although theses compensation techniques give better results, full

compensation is not possible using these techniques.
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5.2 Future Scope

The present study is carried out on DS-OCDMA system considering the effects of GVD
and PMD in fiber optic waveguide, and also the impact of GVD and PMD compensation
are analyzed with different system parameters. OOC’s are employed as address sequence.
The future work can be extended employing gold and m-sequence user address. Sequence
inversion keyed receiver can also be used in future analysis on account of other PMD and

GVD compensators.

The DS-OCDMA system performance can be evaluated further considering various non-
linear effects and their compensation techniques. The same analysis may be performed for
FH-OCDMA and M-ary OCDMA system with in-line cascaded optical amplifiers.
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