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ABSTRACT

This thesis is shown the implementation of thednmmtion techniques such as feed-
forward and pre-distortion feedback linearizationstippress the optical components
nonlinearities caused by the fibre and semiconduwsgttical amplifier (SOA).

The simulation verified these two linearization heitjues for single tone direct
modulation, two tone indirect modulation and ulwédeband input to the optical
fibre. These techniques uses the amplified spootesig emission (ASE) noise
reduction in two loops of SOA by a feed-forward grddistortion linearizer and is
shown more than 6dB improvement. Also it invesegalinearization for the SOA
amplifier to cancel out the third order harmonicsnmber-modulation distortion (IMD)
or four waves mixing. In this project, more than @B reductions is seen in the
spectral re-growth caused by the SOA. Amplifier fiaparity becomes more severe
with two strong input channels leading to interqume distortion which can
completely mask a third adjacent channel. The strarls detailed above were
performed utilizing optimum settings for the vat@bgain, phase and delay
components in the error correction loop of the fe@dard and Predistortion systems
and hence represent the ideal situation of a pefésd-forward and Predistortion
system. Therefore it should be consider that coxrmglef circuit will increase due to
amplitude, phase and delay mismatches in prac&sgn.

Also it has describe the compatibility of Softwdbefined Radio with Hybrid Fibre
Radio with simulation model of wired optical netisrto be used for future research
investigation, based on the star and ring topotofpe different modulation schemes,

and providing the performance for these configorei
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CHAPTER 1
INTRODUCTION

1.1 Motivation

The optical signals require linear processing irdera optical architectures and this
includes the optical amplifier in the optical linka addition to linearity, the optical

amplifier must also be power efficient, and codicefnt. This thesis is shown the
implementation of the linearization techniques swh Feed-Forward and Pre-
Distortion Feedback linearization to suppress thgcal components nonlinearities
caused by the fibre and semiconductor optical drapliAlso it describes the

compatibility of these linearization techniques hwinulti-standard over fibre with

simulation model of wired optical networks to beedsfor future research

investigation. The optical networks are based lmn gtar and ring topologies for
different modulation schemes, and providing the fgrertance for these

configurations.

1.2Research Challenges (contribution)

The most important aspect of this project is basedired infra structure. Radio over
Fibre (RoF) provides an excellent link for high bewdth communication. On the
other hand, when the wireless link co-exists with RoF link especially in a multi
user environment a nonlinear distortion of the Raok, due to the laser and optical

amplifier, becomes the primary concern.
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The project investigates the non-linearity and @aancellation produced by fibre and
semiconductor optical amplifier (SOA). Two techregurom the electrical domain is
adapted and applied in the optical domain. The Iwearization techniques are
known as the Feedforward and Predistortion Feedliaehrization. These techniques
are explained in chapter 4.

These techniques applied for the different RF sssistich as continuous wave (CW)
and ultra wideband (UWB). Also four different modtibn schemes based on
orthogonal frequency division multiplex (OFDM) amaultiplexed and amplified by
SOA, then the feedforward linearization techniga@pplied, which is shown a great
distortion reduction in chapter 5. The main conitibn is shown below with
dedicated chapter:

* Acceptable Linearity by harmonic cancellation (dleag)

Acceptable Linearity by ASE cancellation (chapter
* Analogue Feed-Forward linearization for improvinoehrity in optical
amplifier (chapter 4)
* Analogue Predistortion Feedback linearization forpioving linearity in
optical amplifier (chapter 4)
» Performance of the Multicarrier Signals over Fifdrapter 5)
* Analogue Feed-Forward linearization for improvingehrity in WDM
(chapter 5)
1.30Organization of Thesis
Chapter 1: This section will give an overview to the projedfject and also a brief
description to each chapter.
Chapter 2: Provides a review of relevant to this research ctopiractically, the

literature review contains an overview of lineati@a problem in optical domain as
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well as a brief description of developed technigt@slinearizing the distortion in
optical domain. Further more research challengdscantributions are mentioned.
Chapter 3: Provides a theoretical background and an ovenoéwhe history and
definition of SOA, also an explanation to the SOAstattions. The SOA
characterization is also is explained in this caapt

Chapter 4: Main contribution of thesis in this chapter gives explanation on
linearization techniques. Laser and SOA cause &egbkpontaneous emission (ASE)
noise to the signal and also due to using multielengths, four-wave mixing will
exist. The main aim of this thesis is to invesgghmearization of SOA using feed-
forward and predistortion feedback linearizatiomesnes to improve linearity and
reduce the nonlinear distortion such as noise amal Wwave mixing cancellation
associates with SOAs.

Chapter 5. A Wavelength Division Multiplexing (WDM) systems$ been explained
in this chapter. In order to ensure full flexibjlitn the usage and combination of
current and future radio and fibre optic componerdage of possible architectures
will be considered in this chapter. Different maatidn schemes such as binary phase
shift keying (BPSK), quadrature phase shift keyi@§SK), 16 quadrature amplitude
modulation (16-QAM) and 64 quadrature amplitude oiation (64-QAM) at 3.5
GHz will be considered, and a wavelength is dedatator each of them. The
multiplex wavelength is transmits and sent overefitAt the receiver following the
photo detector filters are uses to recover moddlaignals. The simulation model is
mainly based on the star topologihe objective is to design and optimize the
system'’s performance by investigating the effeat the fibre will have on the system

and compare the results with the linearized signal.
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Chapter 6: Conclude the thesis and gives further suggestidrdatussions for future

works is mentioned.
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CHAPTER 2

Background and Literature Review

2.1Introduction

Radio-over-Fiber (RoF) systems are widely used Wareless communication
networks and various linearization techniques hbaeen created to reduce the
nonlinear distortions generated by the use of semdigctor optical amplifier.
Wavelength conversion by the four-wave mixing (FWéfflect in SOAs typically has
a poor efficiency. For practical applications, thignal to background noise ratio
(SBR) and the wavelength conversion range of an $@#ed on FWM converters
must be considerably improved [1]. The feed-forweechnique is superior since it
offers a large improvement in the third-order intevdulation (IM3) components and
reduces intensity noise. Pre-distortion with diotsea simple approach, but it offers
little improvement in IM3 components than the fdedward technique [2].
Moreover, these techniques need complex controlits to handle the temperature
variation during the operation and these circuitsstime a lot of power [3]. There is a
strong demand for a linearizer that has a simptalpcircuit configuration, a simple
control circuitry, and a large improvement in IM@negponents [4]. This thesis mostly
investigates a RoF system with a feed-forward aediptortion linearizer to suppress
the FWM and reduce the amplified spontaneous eomg#&SE) noise of the system.
Today, modern communication systems use opticae.fiblence, it is possible to
transmit more data at higher data rates and presbevquality of the signal without
loss of information. In optical communication syste digital modulation schemes

where the information is carried are accessed bpwssystems such as time division
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multiple access (TDMA), code division multiple asse(CDMA) and orthogonal
frequency division multiple (OFDM). In optical sgsts, a wide range of band-width
can be used for communication; this makes opticaimunication popular in modern
communication systems. However, the resulting $ipaa a high envelope peak-to-
average ratio (crest factor) and linear power afepsi with high back-off power are
required in order not to degrade the quality ofslgmal. Linear power amplifiers that
have a high back-off power and a high third ordégrcept point (IP3) give rise to the
problem of efficiency [5]. In order to increase thearity performance of the system,
various linearization techniques such as pre-distar envelope elimination and
restoration, Cartesian feedback, and feed-forwaedused. Among these methods,
feed-forward has a better linearization performaacé provides a more wide-band
stable operation since there is no feedback patbredls it has the limitation of
efficiency [6].

The operation of the feed-forward circuit is basedthe subtraction of two equal
signals with subsequent cancellation of the erigna in the amplifier output
spectrum, and it contains two cancellation loopke Tirst loop is the carrier
cancellation loop, which extracts the distortiomgurcts, and the second loop is the
error cancellation loop, which amplifies the distmm products and subtracts the
distortion components from the main amplified sigitdie amplifier used in this loop
is called the error amplifier and it must be suéiitly linear in order not to introduce
extra distortion products. Amplitude, phase, anthylenis-matches are the main
constraints on the linearization performance offéesl-forward, and its efficiency is
limited by the third intercept point (IP3) of theam and error amplifiers, losses of the
couplers and delay compensators. For a completdféeeard system with two

power amplifiers and couplers, a similar closedrfaexpression which relates the
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linearity performance to the parameters of thediraer and signal characteristics may
be required. Using such a tool system parametensbeaoptimized for optimum
efficiency and a given linearity performance [5].

Also for the first time the application of opticatedistortion feedback (OPDFB) is
proposed to linearize the overall optical amplifiesponse so that spectral re-growth
of the amplified optical modulated signal can beided. There is strong demand for
a linearizer that has a simple optical circuit egumfation, a minimal control circuit,
and a large improvement in IM3 components. Thisithalso investigates a simple
and low cost method using OPDFB linearization topsass the FWM and reduce the
ASE noise due to the semiconductor optical ampliieed in Radio-over-Fiber (RoF)
systems.

A promising technique to remove the drawbacks efRfr linearization technique is,
predistortion (PD). The PD based on error feedbackrection is a powerful
linearization technique because the error correcii® insensitive to amplifier
variations, such as temperature, supply voltage, @evice variations, as well as
nonlinear characteristics of the PA. Among the Redrization techniques, the
lookup table (LUT)-based PD has been widely usedibee it is relatively simple and
easily implemented to build the inverse functionP#s. In the PD algorithms that
provide the inverse function of the amplitude andage distortions (AM/PM)
generated by the PAs, the basic and most impoidane is that the estimation error.
The difference between the desired and the estimasgdues, should reach the
minimum value for a given input signal.

Most of the work that has been done on the linatidm in optical domain were

applied for laser linearization, to the best knalgle of the author there is no work on
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optical amplifier using feedforward and predistantiechniques. In this chapter some

of the works that have been done on laser linetoizés presented.

2.2 Optical Linearization Techniques

The demonstration of an external modulator wastitited in [7] using an auxiliary

externally modulated laser and the second outprtt gfothe main balanced bridge
interferometer (BBI) modulating device in orderderive the error signal. A practical

implementation of the feedforward method is showifrig. 2.1. Gain units and delay
lines are included, the comparators are realizea la®ad-band 180 RF hybrids and
the optical correction signals are injected by nseah fibre-optic couplers. As

explained below, the auxiliary lasers must be efdistributed feedback laser (DFB)
type and tuned to a wavelength different from tbkdslaser wavelength to prevent
coherent interference, and are driven by theireetsype RF drivers.

When a dual output BBl modulator is used as infipere, feedforward correction

must be applied to each output separately, douhiihey amount of broad-band

circuitry. In order to take advantage of all aviaiéaoptical power, both output ports
of the combining couplers are used, thus therdaneoutput fibres, which reduces

the power per fibre, for a given Nd:YAG laser saurc
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Figure 2.1 Feedforward linearization [7]

Feedforward scheme to eliminate harmonic distorteord reduce laser relative
intensity noise (RIN) presented in [8] is utilizeal meet CATV specifications with
noisy but low-cost Fabry-Perot lasers. The optieatiforward transmitter consists of
two loops (Fig.2.2). Loop #1 creates the error aigior linearization. Loop #2
conditions the error signal and converts it to fighhe primary signal and the error
components are combined and travel down the fibstightly different wavelengths.
To reduce the noise created by optical reflectigptscal isolators were connected to
the laser outputs. Without isolators the measumserwas found to be periodic with
frequency and varied greatly with the quality oticgl splices. In loop #1 the input
signal is split between the primary laser and arvRfable amplitude and delay arm.
The RF arm consists of a variable delay unit, ayéhe and attenuators. The output
of the primary laser was split through a 50:50 agdticoupler between an optical
receiver and optical delay line. The optical reeemas specially designed to provide
a broadband a low-noise output signal. A 180 degtexse shift was included with

the optical receiver. Although the 50:50 opticaligler reduces the available optical
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power on the network, this isn't seen as a probsince Fabry-Perot lasers with
output powers in excess of 25 mW are commercialigilable. The high coupling
ratio, on the other hand, was necessary to avgld amplification ratios for the RF
amplifiers behind the detector of the first loofeTsignals of the optical receiver and
the variable amplitude and delay were subtractatjus power combiner. The output
of the power combiner ideally should consist onfynonlinear products and the
detected noise of the primary laser. The phasor &uthe combiner output includes
the nonlinear products and the differences in tiesp and amplitude of the two arms
of the loop, the cancellation of the fundamentamponents is not complete.
Broadband amplitude and phase matching of the twis @f the loop is not a trivial
problem and can dramatically limit the performantéhe transmitter.

In loop #2, the error signal passes amplifier ardklay line prior to modulating the
second laser. A power amplifier is used in the @k and phase matching arm (in
front of laser#2) to minimize the potential for @&dxhal distortion. The output of the
optical delay line and error signal were combineith\& 73:27 optical coupler and fed
into the network. In the test circuit, instead bé tnetwork we have connected the
receiver through a short length of fibre. In théxeiver diode the error signal, the
inverted nonlinear products as well as the invemeise, and the output of the
primary laser, the fundamentals plus the nonlipgaducts and noise of the primary
laser, are vector summed and ideally cancel. dieimonstrated that an average of 10
dB noise reduction can be achieved over a frequesege of up to 400 MHz. The
disadvantage of this technique is to convertingsigeal twice to optical and back to
electrical. Also in the second loop laser no 2 tmabe linear to achieve acceptable

noise reduction.
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Figure 2.2 Optical Feedforward Transmitter [8]

An amplitude modulation-subcarrignultiplexing (AM-SCM) optical transmitter
based on external modulation with multi quantuml|wedlectroabsorption (MQW-
EA) modulator has been illustrated in [9]. Figur8@ 8hows the experimental setup
constructed for 42 channels AM transmission. At dmpical splitter (a) one part
(fractional power ratiar ) of the light output from the modulator is split aaiter O/E
conversion, only the error signal (i.e. signal @i8bn and noise) is output by the
electrical subtracter (b) as the difference frone thriginal frequency-division-
multiplex (FDM) signal. A DFB laser (the second DFser) is modulated by the
error signal. At the optical coupler (c) the lighitput is combined (coupled power

ratios) in anti-phase with the main signal light outputnirahe modulator. This

eliminates the signal distortion in the main sigingtht. This method is also the same

as previous one has the same problems.
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Figure 2.3 The experimental setup for 42 channelsM optical transmitter. TD:
time delay, ATT: attenuator. Notations of the othersymbols are shown in the
text [9]

Figure 2.4 shows the block diagram of a typicaleexdlly modulated fibre-optic
transmitter with parametric linearity feedback e¢ohtThe linearizer has an arcsine
transfer function that is the inverse of the raisedine transfer function of the
modulator. The purpose of the local feedback lo®poi stabilize the transmitter
against long term drifts of the modulator bias paincircuit component values. Such
variations may be caused by thermal drift or dediegradation.

The arcsine circuit presented in [10] generateshaidhonics that cancel those of the
modulator biased at the quadrature point. Tradilign such circuits have been
realized using diodes or bipolar transistors, tgkadvantage of their exponential
transfer characteristics to generate odd-order baica. Field-effect devices, such as
CMOS, have been shunned due to inadequate highdney trans-linear
performance and lack of suitable circuit architeed 0].

Two-tone IMP3 measurement of an experimental fdpge link employing the
linearization circuit shows 14 dB improvement of fink SFDR at 1 GHz from 85 to

99 dBc/Hz .
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Figure 2.4 Typical linearized externally modulatedfibre-optic transmitter with
parametric feedback control [10]

Figure 2.5 shows a linearized link illustrated Ii] that uses a commercial lithium
niobate MZ modulator with a single travelling-waR& electrode and a single bias
electrode. The MZ simultaneously modulates two wengths, and a wavelength
division multiplexer (WDM) routes the modulated rars to separate detectors

whose outputs are combined in an RF hybrid coupler.
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Figure 2.5 Two-wavelength broadband linearization echitecture Second- and
third-order distortion are simultaneously minimized by control of the modulator
bias and the ratio of signal powers carried by théwo optical wavelengths [11]

The simulator an ideal predistorter configuratias hllustrated in [12]. The circuit
consists of two parts: a linear part (a time ddiag) and a nonlinear part. The latter is

further on subdivided into second-order and thirdeo paths. Portions of the RF-
input signal are extracted to feed both the quantaty (X2)and cubic-law(X?)

generators. The two generated correction signath, amplitude and phase suitably
adjusted through a chain of shaping block, are tlemombined with the original

delayed RF-signal and sent to the laser. In thig the circuit can simultaneously
compensate second- and third-order distortionde@&d and recombine the linear and

non-linear paths of the predistorter, 10 dB andB3sglitters/combiners have been
adopted. The(Xz)-device can be realized with a couple of diodegush-push

configuration, fed with two 180- degree shiftedutg To have a large operational

frequency range a differential amplifier has beseduto realize the input 180 degrees
phase-shift. Thdx3)-device can be also realized with a couple of dspdhit in a

push-pull configuration and with no input phaseftshihe functionality of the
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shaping chains is to generate correction signalinpahe same amplitudes of the

distortion components generated by the laser, ifiteguency range as wide as
possible.

To this aim two LNAs have been inserted after thelimear generators to adjust the
amplitude level of the drawn correction signalsjchirsuffer an overall attenuation of

about 30 dB due to the input and output splittei @ombiners; a fine control on the

amplitude level can be assured by variable attenslaflso a fine phase-adjustment
stage, to match the laser harmonic phase variati@ssbeen inserted in both the non-
linear paths. Finally, frequency-tilt shaping netkghave been implemented to let

the correcting signals match the laser HD2 and ld@¥es in the whole operational

band.
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Figure 2.6 pre-distorter schematic [12]

The down-conversion and simultaneous linearizadmicrowave frequency signals
using photonic in-phase and quadrature detectiai wigital demodulation has
illustrated in [13]. Suppression of third-orderentmodulation products by 20 dB is

obtained.
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Figure 2.7 illustrates the experimental test syst&rntwo-tone microwave test signal
is generated by combining the outputs from two pahelent frequency synthesizers.
Typically, test frequencie, f2, in the vicinity of 10 GHz have been used, altjiou
the technique has demonstrated up to 18 GHz. Thentigrowave signal paths are
isolated to ensure that any spurious inter-modutagiroducts are suppressed by >80
dB. The two-tone signal is applied to the opticalrier via a broadband phase
modulator. The second phase modulator, which id tsapply the microwave down-
conversion reference frequencies. Two frequendiesused: The first, referred to as
the L0, is at approximately half the frequencytioé test signals to be down-

converted and is generated directly by a microwfagguency synthesizer §/2.
The secondf, referred to as the local oscillator (LO), is ob&d by doubling the

%1LO and amplifying. Variable attenuators and a al@leé delay are provided for
optimizing the down-conversion efficiency.

The I/Q demodulated power spectrum is nearly distortiordpobd free with a signal-
to-spur ratio improvement of approximately 20dB.wéwer, there is external LO

circuitry required for this technique.
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Figure 2.7 Experimental test link, consisting of ahomodyne interferometer
configured for optical quadrature (Q) and in-phase (I) outputs for digital

linearization. Full 1/Q photonic down conversion ofthe phase-modulated X-band
test signals is implemented via simultaneous phasmodulation at a nearby
reference frequency(fO =loGHz)and its first sub-harmonic [13]
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The linearization technique with the capabilitysigpport baseband transmission is
schematically shown in Fig. 2.8 and illustratedlid], and is based on the removal of
the optical components in the vicinity of the opticarrier generated from the optical
single sideband with carrier (OSSB+C) modulatore ©ptical carrier is split into two
paths: one where the OSSB+C signal is generatad,ttam other remaining un-
modulated. At the output of the modulator, the agdticarrier and the nearby
components are removed using a nharrowband fibrgiBgeating (FBG).

The filtered signals are then recombined with th&cal carrier from the other path
with its phase and amplitude adjusted to optimize received signals. The optical
carrier removed from the top arm can be re-usdrhtesmit baseband data for serving
other access networks such as passive optical netwWBONS). A proof-of-concept
experiment was carried out based on Fig.2.8 forttlaesmission of three unequally
spaced RF tones at 27.5, 27.505 and 27.52 GHz dadeband data at 2.5 Gb/s.
Experimental results is shown more than 9 dB imenoent in the carrier to
interference ration of the three tone RF signakh wimultaneous error free 2.5 Gb/s
baseband transmission. The carrier re-use schenpgaittified as a function of total
RF channels, amplitude and channel spacing. lousd that as the number of RF
channels increases at a fixed total input RF powiee, baseband performance
improves with RF channel spacing. But the improveimsg not high enough on this
technique; it must be more than 20 dB IMD reducttonconsider it as a high

performance linearization technique.
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2.3Summary

This chapter has described the optical linearipat®ehniques, which they are mostly
applied to the laser. The demonstration of an eatenodulator was illustrated using
an auxiliary externally modulated laser and theosdcoutput port of the main BBI
modulating device in order to derive the error algin order to take advantage of all
available optical power, both output ports of tlenbining couplers were used, thus
there are four output fibres, which reduces the gyoper fibre. Feedforward scheme
to eliminate harmonic distortion and reduce lastM Bresented is utilized to meet
CATYV specifications with noisy but low-cost Fabreset lasers. The disadvantage of
this technique is to converting the signal twiceopgical and back to electrical. An
AM-SCM optical transmitter based on external motlatawith MQW-EA modulator
has been illustrated. The externally modulatecefidyptic transmitter with parametric
linearity feedback control has also been illusttatéhen the linearizer that has an

arcsine transfer function which is the inversehaf taised cosine transfer function of
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the modulator. Field-effect devices, such as CM@&ye been shunned due to
inadequate high-frequency trans-linear performanod lack of suitable circuit
architecture. Next the down-conversion and simeitas linearization of microwave
frequency signals using photonic in-phase and @uiady detection with digital
demodulation was illustrated. ThEQ demodulated power spectrum is nearly
distortion-product free with a signal-to-spur ratmprovement of approximately
20dB. However, there is external LO circuitry raqdifor this technique. Finally the
linearization technique with the capability to sapgpbaseband transmission was
shown schematically, and is based on the remové#hefoptical components in the
vicinity of the optical carrier generated from tl@SSB+C modulator. But the
improvement is not high enough on this techniqguejust be more than 20 dB IMD

reduction to consider it as a high performancedliization technique.
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CHAPTER 3

Semiconductor Optical Amplifier

3.1Introduction

All lasers act as amplifiers close to but beforacheng threshold, and semiconductor
lasers are no exemption. Indeed, research on S@Asd soon after the invention of
semiconductor lasers in 1962. However, it was duilyng the 1980s that SOAs were
developed for practical applications, motivatedyédy by the lightwave systems [15]-
[19]. Although, with the advent of the doped-fimed Raman amplifiers, SOAs are
rarely used for fibre-loss compensation in lighteaystems, they are often used for
signal processing. This section focuses on theachenistics of SOAs and their
applications.

3.2 Amplifier Design

Optical amplifier without feedback is called tradusg-wave (TW) amplifier, which
emphasize that the amplified signal travels in tfeeward direction only.
Semiconductor lasers can be used as amplifiers vbresed below threshold, but
multiple reflections at the facets must be includgedch amplifiers are called Fabry
Perot FP amplifiers. The amplification factor igabed by using the standard theory

of FP interferometers and is given by [39]:

1-R)A-R,)G(V)
-GJRR,)? +4G,RR, sinz[”("“’n%v }

G (V) = (3.1)

Where R and R, are the facet reflectivitiesy,, represents the cavity-resonance

frequencies given b Sl =2mnorv=v, = mc/Zﬁ L, and Ay, is the longitudinal-
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mode spacing, or the free spectral range, of the ckiity. The single-pass
amplification factor G =exp(gL)corresponds to that of a travelling wave (TW)
amplifier when gain saturation is negligiblé;, reduces tcG whenR =R, =0.

The amplifier bandwidth is determined by the shagsnof the FP resonance. One can

calculate the amplifier bandwidth from the detunwgv, for which Gepdrops by 3

dB from its peak value. The result is given by [39]

1-GJRR, (3.2)

Av, ——sinl[ ZJ
n (4G,/R1R2)y
To achieve a large amplification factmshould be quite close to 1. As seen

from Eq. (3.2), the amplifier bandwidth is a snfediction of the free spectral range of
the FP cavity (typically)v, =100GHzandAv, <10GHz). Such a small bandwidth

makes FP amplifiers unsuitable for most lightwaystems.

Travelling-wave operation of SOAs can be realiZe¢tie reflection feedback from the
end facets is suppressed. A simple way to redueeettectivity is to coat both facets
with an antireflection coating. However, the residteflectivity of the coated facet
must be extremely small (<0.1%) for an SOA to a&ctaravelling-wave amplifier.

Furthermore, the minimum reflectivity depends oe #émplifier gain itself. One can
estimate that the minimum reflectivity depends e amplifier gain itself. The

tolerable value of the facet reflectivity can bérmates by considering the maximum

and minimum values o, from Eq. (3.1) near a cavity resonance. It is e@asy

verify that their ratio is given by:

2

max 1+G R

AG:anF;n = R% (3.3)
G (1-GyRR,
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If AGexceeds 3 dB, the amplifier bandwidth is set byabgvity resonances rather
than by the gain spectrum. To ke¥®p < 2, the facet reflectivities should satisfy the

condition:

GJRR, < 017 (3.4)

Tilted facet

Antireflection
coating

(@)

Transparent region

Antireflection , /
coating 7 e

|

Facet

(b)

Figure 3.1 (a) Tilted-stripe, and (b) buried-facetstructures for nearly TW
semiconductor optical amplifiers
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It is customary to characterize the SOA as a TWIlidienpwhen Eqg. (3.4) is satisfied.

An SOA designed to provide a 30-dB amplificatiorctfet (G=1000) should have
facet reflectivities such thafR R, <1.7x10™

Considerable effort is required to produce ant@fon coatings with reflectivities
less than 0.1%. Even then, it is difficult to ohtdbow facet reflectivities in a
predictable and regular manner. For this reasderrative techniques have been
developed to reduce the reflection feedback in S@RAsne method, the active region
stripe is tilted for the facet normal, as showifrig.3.1 (a). Such a structure is referred
to as the angle-facet or tilted-stripe structur@].[2he reflected beam at the facet is
physically separated from the forward beam becafs¢éhe angled facet. Some
feedback can still occur, as the optical mode sfzdeeyond the active region in all
semiconductor laser devices. In practice, the coatlmin of an antireflection coating
and the tilted stripe can produce reflectivitietobel0® (as small as Ihwith design
optimization). In an alternative scheme shown ig.&il (b), a transparent region is
inserted between the active the active-layer emdsthe facets [21], where optical
beam spreads before arriving at the semiconduatontarface. The reflected beam
spreads even further on the return trip and doésowaple much light into the thin
active layer. Such a structure is called burieafar window facet structure and has
provided reflectivities as small asA@hen used in combination with antireflection
coatings.

3.3 Amplifier Characteristics

The amplification factor of SOAs is given by Eq.1B Its frequency dependence

results mainly from the frequency dependenceGgf)), when condition (3.4) is
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satisfied. The measured amplifier gain exhibitsplep reflecting the effects of
residual facet reflectivities.
To discuss gain saturation, the carrier rate eqnasi used and given by [39]:

N
dt

N _p (3.5)
Z-C

o|r

Expressing the photon number in terms of the apfower, this equation can be

written as:
o. (N-N
AN _1_ N _(N=No) (3.6)
d q 7¢ o.hv

where 7. is the carrier lifetimeg, is the differential gain,o,, is the cross-sectional

area of the waveguide mode, and tdg is the value ofN required at transparency.

The carrier populatiorN changes with injection current and the signal poweP .

In the case of a CW beam or pulses much longerrthahe steady-state value of

is obtained by settingIN/dt = 0in Eqg. (3.5). When the solution is substituted @t n

rate of stimulated emission G the optical gairoisnfd to saturate as:

- %
=<0 3.7
J 1+ P/P, (37

where the small-signal gaig, is given by:
9 =(Fo V17 /a=No) (3.8)
And the saturation poweis defined as:
P, =hvo, /(o,1.) (3.9)

Typical values ofP are in the range of 5-10 mW.
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The noise figureF, of SOAs is larger than the minimum value of 3 dB deveral
reasons. The dominant contribution comes from gunneous-emission factor (or
population-inversion factomg,, which isobtained from:

n, =N,/(N, -N,) (3.10)

where N, and N, are the atomic populations for the ground statk exctited states
respectively.

After replacingN, and N, by N and N, respectively in Eq.(3.10), an additional
contribution, results from internal losses (suchras-carrier absorption or scattering
loss), which reduce the available gain from @ tar,,. The noise figure can be

written as [17]:

ﬁ=4 N I g J (3.11)
N_NO g_aint

Typical values off, for SOAs fall in the range of 5-7 dB.

3.4 Practical Issues
Although SOAs were used before 1990 for compengafilbre losses in optical

communication systems [22], they suffer from selvdrawbacks that make their use
as in-line amplifiers impractical. A few among thane polarization sensitivity, inter-
channel crosstalk, a relatively high noise figuaed large coupling losses occurring
as the signal is coupled into and out of an SOA.tRig reason, they have been rarely
used commercially for this purpose. This may howealenge as SOAs also being
pursued for metropolitan-area networks as a low-atisrnative to fibore amplifiers.
We focus on the undesirable features of SOAs smghbsection.

An undesirable characteristic of SOAs is their pa&tion sensitivity. The amplifier

gain G differs for the TE and TM modes by as much as d@8simply because
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bothG ando are different for the two orthogonally polarized daeo This feature

makes the amplifier gain sensitive to the polarratstate of the input beam, a
property undesirable for lightwave systems in whioh state of polarization changes
with propagation along the fibre (unless fibres ased). Several schemes have been
devised to reduce the polarization sensitivity [2[P3]-[27]. In one scheme, the
amplifier is designed such that the width and thiekness of the active region are
comparable. Again difference of less than 1.3 dBvben TE and TM polarizations

has been realized by making the active layer pr2@hick and 0.4/m wide [21].

Another scheme makes use of a large-optical-catiticture; a gain difference of less
than 1 dB has been obtained with such a strucB8 [

Several other schemes reduce the polarizationtsetysby using two amplifiers or
two passé through the same amplifier. Figure 3d@vshthree such configurations. In
Figure 3.2 (a), the TE-polarized signal in one afigplbecomes TM-polarized in the
second amplifier, and vice versa. If both amplgibave identical gain characteristics,
the twin amplifier configuration provides signaligdhat is independent of signal
polarization. A drawback of the series configunatie that residual facet reflectivities
lead to mutual coupling between the two amplifidrs.the parallel configuration
shown in Figure 3.2 (b), the incident signal isitsppito a TE- and a TM-polarized
signal, each of which is amplified by separate dfeps. The amplified TE and TM
signals are then combined to produce the amplgigdal with the same polarization
as that of the input beam [24]. The double-passigaration of Figure 3.2 (c) passes

the signal through the same amplifier twice, bug¢ tholarization is rotated by

90" between the two passes [25]. Since the amplifigghal propagates in the

backward direction, a 3-dB fibre coupler is neetiedeparate it from the incident
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signal. Despite a 6-dB loss occurring at the fitwapler 3dB for the input signal and
3dB for the amplified signal), this configuratiomopides high gain from a single
amplifier, as the same amplifier supplies gainlentivo passes.

Although SOAs can be used to amplify several chisnsienultaneously, they suffer
from a fundamental problem related to their reklyvfast response. Ideally, the

signal in each channel should be amplified by #maesamount.

Amplifiers Polarizat tion
beam splitter
() (b)
Polarization » Faraday
controller Amplifier rotator

chip

Input

45

<

Output

Mirror

(c)
Figure 3.2 Three configurations used to reduce th@olarization sensitivity of

semiconductor optical amplifiers: (a) twin amplifiers in series; (b) twin
amplifiers in parallel; and (c) double pass througha single amplifier

In practice, several nonlinear phenomena in SOAsda inter-channel crosstalk, an

undesirable feature that should be minimized facpeal lightwave systems. Two
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such nonlinear phenomena are cross-gain saturatidnfour-wave-mixing (FWM).
Both of them originate from the stimulated-emissierm in Eq. (3.6). In the case of

multi-channel amplification, the powé? in this equation is replaced with:

2

P =% i A exr(—ia)jt)+ cc. (3.12)
j=1

Where c.c. stands for the complex conjugéateis the number of channel#.is the
amplitude, andw, is the carrier frequency of thgth channel. Because of the coherent

addition of individual channel fields, Eq. (3.12pbntains time-dependent terms

resulting from beating of the signal in differehiacinels, that is:

M M M
P=YP+Y > 2/PPR codQ,t+y -a) (3.13)
j=1 i=1kz]

Where A, :\/Fjexdiqoj)was assumed together witl, =w, —«,. When Eq.

(3.13)) is substituted in Eq. (3.6), carrier popioka is also found to oscillate at the

beat frequency, . Since the gain and the refractive index both depen N, they
are also modulated at the frequenty, ;such a modulation creates gain index

gratings, which induce inter-channel crosstalk bgttering a part of the signal from
one channel to another. This phenomenon can alsoebed as FWM [28]. FWM
can occur even for widely spaced channels throumgta-band nonlinearities [29]
occurring at fast time scales (<1 ps).

The origin of cross-gain saturation is also evideomn Eq. (3.13). The first term on
the right side shows that the powBrin Eq. (3.7) should be replaced by the total
power in all channels. Thus, the gain of a specifiannel is saturated not only by its
own power but also by the power of neighbouringncleds, a phenomenon known as

cross-gain saturation. The cross-gain saturatiemaesirable in WDM systems since
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the amplifier gain changes with time, dependingtlos bit pattern of neighbouring

channels. As a result, the amplified signal apptafkictuate more or less randomly.
Such fluctuations degrade the effective SNR at mbeeiver. The inter-channel

crosstalk occurs for any channel spacing or theutadidon format. It can be avoided

by reducing the channel powers so that the SOAabgerin the unsaturated regime
[30]-[33].

3.5S0A as a Nonlinear Device

The same nonlinear effects that limit the usefidr@EsSOAs in lightwave systems as
an optical amplifier also render them quite usdarl nonlinear signal processing

(while amplifying the signal simultaneously). SOA&an be used for all-optical

switching, FWM, wavelength conversion, and logiegtions, and thus constitute an

important active component of lightwave technolq8#]-[37]. SOAs are not only

extremely compact (active volumdmm?®), they can also be integrated
monolithically with other devices on the same cl8jnce they additionally provide

amplification, SOAs allow features such as fan-audl cascadability, both of which

are general requirements for large-scale photargaits.

The most important feature of SOAs is that theyildkla strong carrier-induced third

nonlinearity with effective values of, =107 cm?/W [38] that are seven orders of
magnitude larger than that of silica fibres. Altgbithis nonlinearity does not respond
on a femto second time scale, it is fast enoughithean be used to make devices
operating at bit rate as fast asGljs. The origin of this nonlinearity lies in gain

saturation and the fact that any change in theletadensity affects not only the

optical gain but also the refractive index withie tactive region of an SOA.

51



A simple way to understand the nonlinear resporisenoSOA is to consider what
happens when a short optical pulse is launchediinfthe amplitudeA(zt) of the
pulse envelope inside the SOA evolves as [38]:

OA L 10A_1
0z vV, o 2

(L-i8,)oA (3.14)
where v, is the group velocitygis the gain, and carrier-induced index changes are
included through the line-width enhancement fagfor The time dependence ofis

governed by Eg. (3.6), which can be written in darfprm, as:

a_g:go_g_g|p42

3.15
ot I, Ee (3:13)
Where the saturation energy, is defined as:
E.. =hvlo, /Ug) (3.16)

and g,is given by Eq. (3.8). TypicallyE,, =1pJ .
Equations (3.14) and (3.15) govern amplificatioropfical pulses in SOAs. They can
be solved analytically for pulses whose duratioshert compared with the carrier

lifetime(r (7). The first term on the right side of Eq. (3.15h ¢ken be neglected

during pulse amplification. By introducing the redd time r=t—z/vg together

with A=+/Pexplig), Egs, (3.14) and (3.15) can be written as [38]:

P 9(z 1)P(z 1), (3.17)
0z

9¢__1

3 2'30 9(z1), (3.18)
%9 - 4z 0)P(21)/Eq. (3.19)
or

Equation (3.17) can easily be integrated over thpliier length L to yield:
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P (7) = Py (1) exifh(7)],

WhereP, (7 )s the input power anti(7) is the total integrated gain defined as:

h(r) = jOL 9(z.7)dz, (3.20)

If Eq. (3.19) is integrated over the amplifier lémg after replacing
gP byoP/0z , h(r) satisfied [23]:

P (
E

p—

e"-1) (3.21)

dh 1 _ __
o= B Pu@ R0

sat
Equation (3.21) can easily be solved to obitéin. The amplification factoiG(z iy

related toh(r s G =exph )and is given by:

Gy
Gy = (Go ~1)ex- Eo(7)/Ea

G(r) = (3.22)

Where G,is the unsaturated amplifier gain arEg(r):J'_T P,(r)dris the partial

energy of the input pulse defined such tgto equals the input pulse energy .
The solution (3.22) shows that the amplifier gairifferent for different parts of the
pulse. The leading edge experiences the full gajn as the amplifier is not yet

saturated. The trailing edge experiences the lgast since the whole pulse has
saturated the amplifier gain. As seen from Eq.48.8ain saturation leads to a time-
dependent phase shift across the pulse. This @aids found by integrating EQ.

(3.18) over the amplifier length and is given by:
1 L 1 1
A7) === B[ 9(z.1)dz == feh(r) = == Be In[G(D)] (3.23)

Since the pulse modulates its own phase through sguration, this phenomenon is
referred to as saturation-induced self-phase madal§37]. The frequency chirp is

related to the phase derivative as:
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AV, = 1dg_Acdn_ —M[G(r) -1 (3.24)
2rdr  4mrdr 47E

where Eqg. (3.21) was used.

Self-phase modulation and the associated frequestugp are similar to the
phenomena that occur when an optical pulse propaglatough a fibre.

Just as in optical fibres, the spectrum of the #rmgl pulse broadens and contains
several peaks of different amplitudes [39].

3.6 Summary

A brief introduction to SOA was discussed in thismpter. Semiconductor optical
amplifiers are amplifiers which use a semicondudtoprovide the gain medium.
These amplifiers have a similar structure to Fdbeyet laser diodes but with anti-
reflection design elements at the end faces. Afeo amplifier characteristic and
practical issues, such as non-linearities and FW&vievexplained. SOAs can be used
for all-optical switching, FWM, wavelength conversj and logic operations, and

thus constitute an important active componentgtftivave technology.
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CHAPTER 4

Optical Linearization Technique

4.1 Introduction

Actual and incipient communication systems requnigher linear amplification in
their transmitters. The aim of this chapter liescampilation and description of the
linearization technique. The three major linear@atechniques in electrical domain
are explained. Then the implementation of the Fmedird and Predistortion
linearization techniques is illustrated in optidamain. It is shown the linearization of
the semiconductor optical amplifier distortion, B&s ASE and FWM cancellation.
Contrary to expectations, linearization technigaesnot as novel as they seem to be.
In fact, some of them were proposed before thesistor was used as an amplifier
device, mainly in analogue AM broadcasting.

In recent years, the need for higher efficiency essilted in specific efforts to best
use the electromagnetic spectrum. The quest ftrehigfficiency involved high linear
amplification and consequently, efficiency reductio This has culminated in an
ongoing research on linearization techniques fatuse higher frequencies,
bandwidths and efficiency rates.

The classification of linearization techniques, aading to one of the most
generalized tendency, can be divided into two gsoup the first group an input
signal is amplified while distortion components aenerated. The aim of these
techniques is to cancel distortion by modifying thygut signal or directly subtracting

it from the output signal.
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These linearization techniques are:
* Feedback
* Pre-distortion

* Feed-forward

4.2 Feedback Linearization

4.2.1 RF Feedback
This technique is based on the standard feedbdoksx used in low frequency

amplification and control systems (Fig.4.1). Thenda of the system defined in terms
of the main amplifier A and the feedback gdnis given as:

A
1+BA

(4.1)

In the feedback loop distortion reduces with then dactor, so a trade-off must be

made between them.

Figure 4.1 Feedback basic architecture

One of the inherent disadvantages of this technigjtiee stability, so it is impossible

to assure a proper functionality against compoagirtg. Another disadvantage is the
bandwidth reduction due to the feedback loop deldese limitations initiated the

emergence of new architectures based on the sanoemo but comparing the low

frequency signals instead of the RF signal. Thossv ntechniques require

demodulation of the amplified signal, so the impdetation is more complicated.
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4.2.2 Envelope Feedback
This linearization technique corrects the amplitddgortion of the output signal and

compensates the gain variation of the main amplifis shown in Fig.4.2, both input
and output are detected and compared using a eftial amplifier that
simultaneously the output of which is used to aairttre main amplifier.

Main

Amplifier

Input (RF) Output
.

,y$
AT 12

Detector Detector

Figure 4.2 Envelope feedback architecture

To reduce instabilities and distortion the peakedieirs must have a high dynamic
range and a bandwidth twice that of amplified signa

This technique improves the output amplitude buhatcost of increased phase error,
thus is usually used with linear amplifiers.

4.2.3 Envelope and Phase Feedback

As the name suggests, phase unbalances are alffeededhough precision and

bandwidth requirements are still mandatory seetR3g.
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Figure 4.3 Envelope and phase feedback architecture

4.2.4 Polar Loop
The Polar Loop is an alternative technique for katiplitude and a phase adjustment

that uses intermediate frequency (IF) instead ®RFk signal (Fig.4.4).

In this case, the phase and amplitude of the iapdt output signals are compared.
Amplitude is used to adjust AGC while phase congmariis employed to control a
voltage control oscillator (VCO).

The linearity characteristics of these feedback ldies are good. However, the
design and the component selection are criticahlse of their influence on the
frequency conversion process, the linearity pertorce and the unbalances of the
signal comparators [40].

The bandwidth of the differential amplifiers is @lgritical. The output phase detector
bandwidth must be 5 to 10 times higher than thelwaith of the envelope detector.
Otherwise, distortion components will be outside fihase detector range, therefore

will be impossible to carry out subtraction.
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Figure 4.4 Polar loop architecture

4.2.5 Cartesian Loop
The Cartesian Loop developed by Petrovic and Siffifh but, It was not an

interesting linearization technique until the dayjisystems were developed and the
I/Q baseband signals were digitally generated. Nays, this technique is suitable
for single carrier applications and is the mostnuging of all Feedback techniques
[41-44]. The basic scheme is shown in Fig.4.5, whiere is no comparison between
the input and output amplitude and phase magnitumésoutput signal demodulation
results in a critical step such as stability thatstrbe carefully done. The input signal
is required in in-phase and quadrature (I/Q) forndtis is applied to a summing
amplifier (usually known as the ‘error amplifieriyhere it is compared to the
feedback signal. The output of the ‘error amplifisrapplied to an up-converter to
generate an RF signal that is then amplified byaego amplifier. A sample of the
output of the amplifier is taken, generally usinglieectional coupler; this is down-

converted and applied to the error amplifier. Toigns the closed loop system, such

59



that as long as the feedback path does not inteodistortion, the system will attempt
to correct the signal at the output to match tigeitiput signal applied to the error

amplifier.

Main
Amplifier Directional

/A

Error
Amplifier 90 Degree
Phase Shifter

%4_

Variable
Attenuator

Mixer

Figure 4.5 Cartesian loop architecture

Despite the implementation difficulties, the CaidasLoop technique is widely
standardized, among other things, owing to the Ipmduction costs. The
linearization improvement depends on the gain atbvidth characteristics of the
differential amplifiers and, above all, on the gy of the demodulator device. The
Application Specific Integration Circuits (ASIC) dgoped for Feedback amplifiers
open up new possibilities in the Digital Signal é¥ssing (DSP) field. Despite the
increase of production costs, DSP based devicesvalhe use of simultaneous
linearization techniques, i.e., Cartesian Loop tiogewith Predistortion techniques,
improving the overall linearity.

Ideally, this technique achieves 20 dB to 45 dBcedlation levels of the inter-
modulation with 35% to 65% efficiency rates. Reatlyose values get worse as the
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signal bandwidth achieves, theoretically, a 20 a@odtion cancellation. This is the
reason that this technique is not suitable for éel signals and it is usually used in

TDMA and FDMA narrow band single carrier applicaiso

4.3 Predistortion Linearization
The Predistortion linearization technique, as itmeasuggests, modifies the input

signal according to the non linearity charactersstof the main amplifier transfer

function. The basic architecture is shown in Fig.4.

Main
Amplifier

O 3ﬁ t
Input (RF) p-| Predistorter % >

Figure 4.6 Predistortion architecture

The open loop architecture turns the Predistortemmnique into an unconditionally
stable system. The input signal can be predistantedconstant way or dynamically
with feedback loops. The former is, though muchpdén but ineffective against
environmental changes and aging effects.
In the next subsections, three particular Predistotechniques are summarized:

* RF Predistortion

* Envelope Predistortion

 Baseband Predistortion

4.3.1 RF Predistortion
This technique is regularly used in high power afigp [45] and often together with

other linearization techniques. It entails insgtione or more nonlinear devices
Predistortion devices-between the input signal #red main amplifier Fig.4.6. The
transfer function of the distortion signal of thee#istortion device must be exactly
opposite to the transfer function of the distortgignal of the main amplifier. As a
result, the total gain of the distortion componewi# be 0 dB, see Fig.4.7. This
technique uses constant Predistortion factorsheartain amplifier transfer function
must be thoroughly characterized. Alternativelywngynamic adjustment methods

have been proposed [46] avoiding the influencegaigaiand environmental effects.
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Simple analogue Predistortion devices are useddoection of the third order inter-
modulation products. To deal with several inter-odation orders (5, 7...), more

complex devices should be developed [47].

4.3.1.1Simple Analogue Predistortion
The simple analogue Predistortion technique avadl/ the third order inter-

modulation products using linear components as i§teton devices. Initially,
different configurations were used only with dio@desl resistances, but in the course

of the years new improvements have appeared baskelad effect transistors [48].

IP Gain
(dB) A
Main
Amplifier
0 Predistortion
Amplifier
Predistorter
Input
> (rF)

Figure 4.7 Gain factor of the inter-modulation product after predistortion

One nonlinear device is shown in Fig 4.8. A nordingansfer function with the odd

distortion components is given by:
Vo =V, + 85V, + 8V, +... (4.2)
The transfer function of the Predistortion devicesinhave only the nonlinear terms

of the power amplifier transfer function. One ofetlarchitectures used in the

subtraction of the linear ter@, should be eliminated.
Vref =TV, (43)

V, =aVv +av +.. (4.4)
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Non-linear Vo
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Figure 4.8 Linear component subtraction from a nonhear device

Figure 4.9 shows a solution proposed by [49] tleehmletely cancels the third order
distortion generated by the main amplifier.

Predistorter

Vig Main
Amplifier

| : Output
an +Vref V :\/ref +G

Cubic ,‘ ’a out
Nonlinearity / v,

| 7

Figure 4.9 Simple analogue predistortion architectre

Despite the low production costs, this technique timee important disadvantages,
[50]: the AM-PM conversion is worsened, the inpotmMer must be constant and the
frequency response is narrowband. These disadwenteaye caused the irruption of

the Compound Predistortion.

4.3.1.2Compound Predistortion
The Compound Analogue Predistortion subtracts bé tistortion compounds

(agas) separately [51]. Usually, feedback controllers @sed to adjust phase and
amplitude in order to reduce distortion componeiitse production costs and the
implementation complexity are high, and furthermatfee frequency dependency

prevents linearizing wideband signals.
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4.3.2 Envelope Predistortion

The Envelope Predistortion technique consists ofadyically changing the input

signal phase and amplitude parameters, by meawmar@ble attenuators and phase
shifters, in order to compensate for the distortcaused by the main amplifier

(Fig.4.10 and Fig.4.11) [50].

Peak
Detecto

— Control

Power
Amplifier

mt > w /g( ‘ : Output

Figure 4.10 Envelope predistortion with analogue oDSP controller

ADC I Look Up
Table

T [ 2

Peak DAC DAC
Detect0]
Power
Amplifier

Input$ W % / ‘ : Output

Figure 4.11 Envelope predistortion with a LUT contoller

Analogue controllers, DSP and look up table (LUT@ ased in this linearization
technique [52]. The implementation complexity i&land the distortion is reduced by
5 to 15 dB. On the other hand, the system bandwiglthmited by the control
frequency, necessarily 10 times greater than thaubator frequency [53].

4.3.3 Baseband Predistortion
The Baseband Predistortion techniques, as its rsaggests, use the input baseband

signals instead of the RF signals. Three Basebaeadid®ortion techniques are the
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most developed: Mapping Predistortion, Complex Gaiadistortion and Analogue
Predistortion [54-56]. The Mapping Predistortiorthieiques uses a large look up
table (LUT) in order to distort the original 1/Qgsials and a DSP to consider the
memory effects of the main amplifier [56]. Despite inherent advantages of this
technique, its adaptability directly depends on themory required for dynamic
control [56, 57].

Open loop and adaptive architectures having 25 acellation levels have been
achieved in some cases; see Fig.4.12 and Fig.88]3 The digital signal processor
contains the signal separation and the complex hieig functions. These may be
constructed in many ways, depending upon the ammpimodel chosen (e.g., AM-
AM, AM-PM, with or without memory, or combinatiors these), but are typically
formed from look-up tables of complex weighting fméents at various amplitude
levels (for each of the quadrature channels). Dok-Lip tables are accessed by an
algorithm which receives as its input the fed-bdolvn converted RF output from the
power amplifier. The coefficients in the look-upbles may then updated in the

difference between this down converted signal &edriput signal.

codat)

—1 DAC Power

Amplifier
Output

DSP }—p»| LUT

| DAC

sin(at)

Figure 4.12 Open loop digital baseband predistortio architecture
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Figure 4.13 Adaptive digital baseband predistortiorarchitecture

DSp

The Complex Gain Predistortion technique is derifrech the mapping Predistortion
technique with reduced requirement for memory w&etie control stage. In this case
only the amplitude of the input signal is usedeast of the 1/Q signals, reducing the
memory requirement and increasing the computatioostl [55].

On the other hand, the Analogue Baseband Techniug@s analogue circuitry,
sometimes controlled by DSP in the Predistortiaget The theoretical bandwidth of
this architecture could be considered a widebandcamparison to all other
Predistortion techniques, limited by the DSP fremies. The Baseband Predistortion
techniques are easily implementable, low cost, @ be used in some wideband
applications [59], but the I/Q signals must be EAé and the cancellation levels do

not adequate.

4.4 Feedforward Linearization
This technique was developed by H. S. Black in 1f&28, also developed by him in

1937. The Feedback technique in not unconditionatiyble and the distortion
cancellation is limited. The Feedforward technidpevever is unconditionally stable
and the distortion introduced by the main ampliian be, theoretically, completely

subtracted. On the other hand, the Feedforwarchigel requires precise phase and
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gain adjustment, making the implementation reatignplicated. This was the reason
the Feedforward technique disappeared into obgcurifavour of the well-known
Feedback technique.

With the evolution of technology, the frequency dahdwidth requirements began
increasing; highlighting the feedback limitationsdagenerating renewed interest in
the feedforward technique. Feedforward became thet rdeveloped linearization
scheme and was used in audio systems, cable iele\asd RF applications. The
basic Feedforward architecture is shown in Fig.4TH4e scheme consists of two
cancellation loops. The first loop samples the dmegl signal from the main
amplifier output and extracts those distortion comgnts from the main signal [63].
This linearization technique is open loop and uwdionally stable, so theoretically
suitable for any wideband application. High caratedh levels (33 dB) are reported
of the third order inter-modulation products withettwo tone procedure [64],
depending on bandwidth and frequency parameters.

The input signal is split to form two identical pat although the ratio used in the
splitting process need not be equal. The signtdertop path is amplified by the main
power amplifier and the non-linearities in this difigr result in inter-modulation and
harmonic distortions being added to the originghal. Noise is also added by the
main amplifier, although this is generally neglecten most applications. The
directional coupler, C1, takes a sample of the raamplifier signal and feeds it to the
subtracter (C3, 180 degree) where a time delayetopoof the original signal,
present in the lower path, is subtracted. The tesfuthis subtraction process is an
error signal containing substantially the distartianformation from the main
amplifier; ideally none of the original signal eggmwould remain. The error signal is
then amplified linearly to the required level tancal the distortion in the main path
and fed to the output coupler. The main path sighedugh coupler, C1, is time
delayed by an amount approximately equal to thaydgirough the error amplifier,
A2, and fed to the output coupler in anti-phasthtoamplified error signal. The error
signal will then reduce the distortion informatiof the main path signal leaving

substantially an amplified version of the origimgdut signal
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Figure 4.14 Basic feedforward architecture

4.5Feedforward Linearization in Optical Domain
Today, modern communication systems use opticae.fiblence, it is possible to

transmit more data at higher data rates and presbevquality of the signal without
loss of information. In optical communication syste various multiple access
schemes such as time division multiple access (TRM@&de division multiple access
(CDMA) and orthogonal frequency division multiplecass (OFDM) have been used.
However, the resulting output signal of main ametihas a high envelope peak-to-
average ratio (crest factor) and linear power afnepdi with high back-off are required
in order not to degrade the quality of the sighathear power amplifiers that have
high back-off power and high third order intercppint (IP3) give rise to the problem
of power efficiency [65]. In order to improve systdinearity, various linearization
techniques such as pre-distortion, envelope eliiwnaand restoration, Cartesian
feedback, and feed-forward are used. Among theshaug, feed-forward gives the
best performance and provides a more wide-bandestaderation since there is no
feedback path, but at the cost of limitation ofctpen efficiency [66].

The operation of the feed-forward circuit is lmhsa subtraction of two equal signals
resulting in subsequent cancellation of the erngna in the amplifier output

spectrum. It contains two cancellation loops. Ting foop is the carrier cancellation
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loop, which extracts the distortion products. Teeand loop is the error cancellation
loop, which amplifies the distortion products antimaates the distortion by
cancelling the distorted main amplifier output. Témplifier used in this loop is
called the error amplifier and must be sufficierlthyear not to introduce additional
distortion products. Amplitude, phase, and delag-matches are the main constraints
on the linearization performance of the feed-fodyand its efficiency is limited by
the IP3 of the main and error amplifiers, losses tlé couplers and delay
compensators [83]. For a complete feed-forwardesysivhere two power amplifiers
and couplers participate, a similar closed-formregpion which relates the linearity
performance to the parameters of the whole lineadnd signal characteristics may
be required. Using such a tool system parametensbeaoptimized for optimum
efficiency and linearity improvement [65].
4.5.1 Feedforward Linearization Theory
To derive the output signal from feed-forward aitcthe results from [67-70] are
used. The electric field input into the amplifisrgiven by:

e, (t) = E, Cos(e,t) (4.5)
whereg,, is an amplitude optical field. The approximateldieoutput from the

amplifier e, is given by:
e (t)=E, Ai{l- gCOS(Awt - w)} x Cos{aw,t - BCos(Bat - @)} (4.6)
Where:

a__ Pa Gg loge(Go)

= — X

Y1+ (aar)? P {Ioge(Gg) +2G¢ (l0g,(GE) —1>2FF,’°“}

S

4.7)

@=tan(Awr) (4.8)
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P, is the saturation powery the line-width enhancement factar, the effective
spontaneous carrier lifetimeg the unsaturated device phase delay, &hd the

unsaturated field gain is given by:

6, =ex{ %7 | (4.9)

[Is the radiation confinement facton,is the unsaturated gain coefficient, L is
cavity length, P, is the single channel input power amgand w,are the two channel
frequencies.Aw=w, ~w and, A is the field gain at quiescent point on Hiatic
characteristic. From Eq (4.6) it is clear that mardensity modulation imparts both
amplitude and phase modulation on the output fialud that the modulation depths
are g/a and,s respectively.

It is assumed that the input splitter is an idedB3hybrid divider. The output of the

optical main amplifier for a system input opticajrsle, (t), therefore, (t):

e = EinZA'l {1—§C05(A(d - (0)} x Cos{a)kt - BCos(Aat - (0)} (4.10)
If Aat =¢

ey = Ein/s (1—£jx Cos(awt - ) (4.11)

2 a
If B<<Irad
' 2

en = _Emz A {Cos(at) + % Sn(@t) - §Cos(w](t) - ASin(w 1)} (4.12)
If we suppose:

ey = EiﬂzAi {%zsjn(cq(t) —§Cos(wkt) —,B’Sjn(cq(t)} (4.13)

Substituting Eq (4.13) into Eq (4.12) yields:
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e =2 Cos(ayt) + (4.14)
The proportion of this signal which reaches thetmaber will pass through a coupler
with the coupling factor af, and reaching to one of the subtracter ports wigch
eqp: (1) @nd from the lower path the delayed optical sigeatching to the other input

port and called,,,(t) .

_EnACos(@y) | e
€qub1 = 2C, + C, (4.15)
E;,Cos(at
Capp = A (4.16)

Therefore the output of the subtracter is:

eerror = eSUbl - esub2 (417)
Caror = EinA].COS(CU](t) +e_d_ Eincos(%t) (418)
2C, C, 2

It can be seen from Eq (4.18) that for the origmatical input signal to be completely

removed from this error signal, the following camah must be satisfiedy =C,

Thus the error signal is:

(4.19)

error

@) |an

1
A similar process take place in the second pathefloop in which the error signal
components are removed from the main amplifier wiuggnal to leave substantially
an amplified version of the original input sign@he output of the main amplifier

passed through delay module is given by:

Cos(w,t)e 4™ + e, e 4 (4.20)
Wy d

E
e — InA.I.
2

coupl —
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Where r,is the time delay in the top path delay elementtarsielement is assumed
lossless. This signal is the main signal for thgpotucoupler,.
The optical signal to be injected into the couppemt of this coupler from error

signale, (), is amplified by the error amplifies, . This signal will pass through a

coupler with the coupling factor af, ( e, ):

€ i

€, =%e ST a2 (4.21)
1

Cooup2 = P8 gorann (4.22)
GG,

The final output signal is:

€out = €coupt ~ Ccoup2 (423)
oy = E|r12A1 COS(Cq(t)e_jwl‘rz +ede‘jl4‘1<rz _C'A:\Z%e_jwkhz (424)
1~2
If A,=C,C, andr,=r1,,
€ar =% Cos(@ e 4 (4.25)

Thus the output signal is an amplified and timeaglet replica of the input signal

with the distortion from the main amplifier beingmmoved.
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Figure 4.15 General diagram for feed-forward linearzation

This part shows the effect of time delay on thecedlation, for full detail see [71].

Assume that the inpug, (t) is a single CW tone of amplitude A, thus:

e, (t)= Acosit + 6)

Therefore the output fromy, is given by:

€, (t) = Acodat +7,) + 6} ~ Acodat +7,) + 6}

(4.26)

(4.27)

Assuming that the error path delay is longer thenrhain path delay byz , the error

path delay is given by:

I,=T7,+Ar

(4.28)

Therefore, by substitution of Eqn. 27 into Eqn. #&n expanding and simplifying,

the above expression yields:

R* = (A- Acosa\T)? + (AsinaAT)?

29)

Thus, the amplitude of the output signal R aftemmadisation (i.e. setting A=1) is

given by:
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R= Zsin(w'TATj (4.30)

R, = 20Ioglo{25in[w'TArj} (4.31)

To find the phase differenae, between the input tone and the output tone, titeud

phase is referenced to the input phase by settingthus:

(4.32)

qu):tan‘l[ SinaAT }

1-cosaAT

4.5.2 Feedforward Approach
In this research two applications have been usesiniulate the output of the SOA

using feed-forward approach to reduce the noiseliapdrize the output. The aim is
to cancel out the noise and four wave mixing. Tdbleshows the parameters that
have been used at 1550 nm for the theoretical sisaflpr SOA, and table. 4.2

represents the pin diode parameters base on thaddumnElectric Device Innovation

Inc. devices.

Table 4.1

Parameters Value Unit
Refractive index 3.4

optical confinement factor 0.3

differential gain 2.78x107%° m?
carrier density at transparency 14x10* m?®
Volume 0.0005x (3x10™ °)x (8x10™ %) | m®
line width enhancement factor 5

recombination coefficients A 143000000 s
recombination coefficients B 1x107® m®/s
recombination coefficients C 3x107™ m®/s
insertion loss 3 dB
cavity loss 3 dB
facet reflection 10
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Table 4.2

Parameters Value Unit
Responsivity 0.8 A/W
dark current 5 nA
forward current 5 mA
reverse photo current 3 mA
Capacitance 0.3 pF
coupling ratio 10%

Two applications are shown below:

4.5.2.1Application A

Figure 4.16 shows a complete model of the radia-filsee transmission system with
Feedforward linearization to linearize the outpuS®A. Simulated optical spectra at
two points in the system are also shown in Fig84d) and (b). The Feedforward
system was constructed using a low cost WDM filberrouting different signals. In
this system, there are two signal generators witalectrical carrier signal at 2.5 GHz
and 1mW output power. These signals are indireuibglulated with two CW laser
via Mach-Zehnder modulators. CW Laser 1, operaihd551 nm wavelengtil, ,
and CW Laser 2, operating at 1552 nm wavelength are multiplexed and
transported to the fibre. According to the chanasties of the FWM, the two
wavelengths should satistyl.,,, =24, - A, andi,,, =24, —A,. To compensate

for the SOA nonlinear distortion, feed-forward Bmeation is used.
The simulation software used is the Opti-System Bddh CW lasers, output power is
5 mW. The signal in the top paths is amplified bg thain power amplifier and the

non-linearities in this amplifier result in intereaulation and harmonic distortions
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which are added to the original signal. Noise soahdded by the main amplifier,

which is discussed in the next application.

Directional Coupler

¥ /

CW Laser 1 Compensation Circuit ~ SOA ‘.L
Signal
ator 2

Error -

Loop

Correcti
Loop

—- Y 3 Compensation Circui
L

]

Figure 4.16 Feed-forward linearization for applicaton A

A function of the main amplifier output subtract®rh the time delayed original
signal, in the lower path. The resulting outputeofor signal is then amplified to
cancel the distortion in the main path and is corabbiwith the signal in the upper
path via a coupler. The main path signal is deldyedn amount approximately equal
to the delay in the lower path (i.e. compensatiooud and amplifier), and is out of
phase with the amplified error signal. The errognal cancel the distortion
information on the main path and what emerges atainput of the feed forward
linearization is the amplified version of the onigl input signal.

The simulator adjusts the amplitude, phase and/diela parameters belonging to the

compensation circuits until the fundamental freques (1, andA,) are cancelled, or

at least minimized in the first loop. And the adijnent method consists in variations
of amplitude, phase and delay line parameters beigno the compensation circuit
in correction loop. This adjustment continues utfig third order inter-modulation

products of the output signal are minimal or utité inter-modulation distance reach
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the maximum value. The gain and phase adjustmempgoents (compensation
circuits) are shown in Fig. 4.16.

Since the gain and phase-matching characterisfickeen-forward amplifiers are
critical to their performance, it is necessary tswe that these can be maintained
throughout the practical design of the amplifiehelle is a compromise between the
additional complexity of additional circuitry to mibor loop performance and correct
for errors, or additional loops.

The idea of allowing the system to monitor its gperformance and then perform the
necessary correction implies some form of feedlsystem around the feed-forward
loop. This feedback system in a practical worldequired to control the gain and
phase matching of the two loops, named as the kEopr Thus it is evident that two
separate feedback systems are required. The dirsbrrect for the gain and phase
mismatches in the error loop. This method minimiesinput signal component of
the error signal. The second to correct for thengamd phase mismatches in the
correction loop. This minimises the amount of digtm present in the final output
signal.

Other consideration is error amplifier selectiorhiah represents one of the highest
restrictions in the feed-forward technique and minst competitive with a non-
linearized amplifier. This means that producti@sts and above all efficiency rates
must be taken into account. On the other hand rityeperformance of the error
amplifier should be dealt with. If highly linearrer amplifiers are used, then the feed-
forward technique turns become less efficient. Mueg, the distortion introduced by
the error amplifier has a direct effect on theatisbn component of the output signal.
In other words, a trade-off is needed among the,daiearity, cost and efficiency

rates.
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To simulate the model with feed-forward linearipati an input CW Laser with the
following parameters was applied to the circuitwhaon Fig. 4.16: line-width of 100
MHz and 5 mW. In order to obtain deep SOA satumgttbe SOA (Fig. 4.16), were
set to small-signal gains of 18.5 dB.

This configuration is appropriate for multiplegiaccess schemes such as WCDMA,
Wireless LAN (OFDM) and GSM (TDMA) and higher datates transmission
systems.
4.5.2.2Application B
An alternative application has shown in Fig. 4.h& tomplete model of the radio-
over-fibre transmission system with feed-forwartefrization to linearize ASE noise
of the output of the SOA. Simulated optical speetraarious points in the system are
also shown in Fig. 4.19 (a) and (b). As mentionethe previous application optical
feed-forward linearization is a benefit to noiséuetion in optical amplifiers.

Figure 4.17 illustrates the principle of operatidine electrical carrier (2.5 GHz, 1
mW) was generated by an external signal generatlaser rate equation (1550 nm, 5
mW) converts the electrical input signal into articgd signal by means of direct
modulation. This signal is sent to the divider aptit to form two identical paths, and
the rest of the processing is the same as prevapudication. But there is a
consideration that has to be taken care of whishalmamportant effect on the system.
Maintaining a balance at the noise cancellationenisdmore complicated, since the
result is not signal cancellation and integratismot directly applicable. A solution
for effective automatic balance exists, which faosimilar control guideline as the
carrier cancellation loop. In any case, added timamplexity is required and delay
matching must be such that signals remain strintly single quadrant. Also the other

important parameter is the noise figure of the naamplifier which should be better
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than the error amplifier. The error amplifier idgaheeds only to process the main
amplifier distortion information and hence can Weaamuch lower power than the
main amplifier. Thus, it is likely that a more lereand low noise error amplifier can
be constructed. This in turn will result in lowesenall system noise figure.

To test the circuit with feed-forward linearizatj an input rate equation laser with

the following parameters was applied to the cir@hbwn in Fig. 4.17: quantum

efficiency of 0.4, group velocity 0B5x10"cm /s, spontaneous emission factor of

3x107°, power of 5 mW, and gain compression coefficignt»10 ' cm®. In order to
obtain deep SOA saturation, the SOAs in (Fig. 4.@idst be set to small-signal gains
of 18.5 dB. The complex attenuator provided foruating the output signal from
SOA via 10dB optical coupler to have the equal gasthe delayed line. The
simulated output after the SOA is shown in Fig.944. The complete optical

performance by feed-forward linearization is shdwrfig. 4.19 b.

Rate Equation Directional Coupler

Laser /
I\ } Q \ Optical
v ‘.‘r‘ ¢ Main =P»| Spectrum
/ I/ 5 Analyzer
Signal Compensation Circuit
Generator ZS

Error Correction
Loop Loop
rror

1 Compensation Circuit
da ||
—— ¢
Subtracter

Feed-Forward Linearization

Figure 4.17 Feed-forward linearization for applicaton B

4.5.3 Results
The input powers of both Channel 1 and Channel 2 wet equal at 0 dBm and the

simulated RF spectra are shown in Fig. 4.18 foliegioon A. It can be seen that
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without the feed-forward linearization there wasrfwaves mixing caused by the two
high power input signals modulating Laser 1 andeta2 With feed-forward

linearization, the four waves mixing were improy®dmore than 20 dB.

| | & | |
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A
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(a) (b)

Figure 4.18 (a): Signal spectrum before linearizatin for application A (b): signal
spectrum after linearization for application A
The simulated spectra of the two tone CW RF sigmditectly modulated signal with
and without the linearizer are shown in Fig 4.18.

In Figs. 4.18 (a) and (b), the carrier power isghme in both spectrum (11 dBm), and
the IMD is -30 dBc/Hz without the linearizer andl-8Bc/Hz with the linearizer,
respectively. As the IMD improvement by the lingariis 21 dB. Acomparison
between Fig. 4.18 (a) and (b) shows that there igawer penalty for transmission.
Another very important characteristic of SOAs isseasince it largely determines the
maximum number of devices which can be cascaddthear repeaters within an
optical fibore communication system [34]. The overaise generated by an SOA
comprises signal spontaneous beat noise, spontssspontaneous beat noise,
spontaneous emission shot noise and amplified Issipod noise [34].

Results of single tone simulations (applicationaBe shown in Fig. 4.19. The SOA

output has a noise added to the signal which is/sho Fig. 4.19 (a). After the feed-
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forward linearization as shown in Fig. 4.19 (b)ttthe noise spectrum is improved

more than 8 dB, and also it is visualized that esplg the asymmetry shape of

spectrum because of the ASE noise has reducedthaneé dB.
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Figure 4.19 (a): Signal spectrum before linearizatin for application B (b): signal

spectrum after linearization for application B

Time (bit period)

1] 0 '|5

1

10m

Amnlitode faa

(@)

" Time (bit period)
0s

J0m

20m

Amplitude (a.u.}

10m

(b)

Figure 4.20 (a): Eye diagram before linearization If): eye diagram after
linearization

Eye diagrams simulated for back-to-back operatmmajpplication A, at an optical

power of 0dBm are shown in Fig. 4.20. Without the feed-forvaystem, the eye
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opening shown in Fig. 4.20 (a) is small and theeegcnoise inherent in the
transmitted “ones” is clearly visible. Fig. 4.20 @hows that with the feed-forward
system, the eye has a much wider opening and rdchumiee on the “ones”. Figure
4.21 shows the quality factor which for a highgyunhthe Q will be higher, which the
quality factor increases with respect to poweritAs shown in Fig. 4.21 for the laser
with 4 dBm output power the quality factor becomerenthan 5 but as the power

decreases the quality factor will decrease as well.

o 200 400 00
Time: (hit period) (mS)

Figure 4.21 Quality factor after linearization with respect to input signal

4.6 Feed-Forward Linearization for Impulse Radio Ultra Wideband over Fibre
Ultra wideband (UWB) systems are highly useful et generation short-distance,

low-power-consumption, and high bit rates wirel@sdoor communications. The
UWSB radio typically has a short range in outdood amdoor environments since the
power level is regulated to -41 dBm/MHz across nuest of the 3.1 to 10.6Hz

spectrum [73].
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Current interests in UWB are fuelled by their insic properties: immunity to
multipath fading, extremely short time durationyriza free, low duty cycle, wide
occupied bandwidth, and low power spectral den§t¥]-[75]. A particularly
attractive impulse technology is the carrier freedoiation method, which does not
adopt the complicated frequency mixers, intermediggquency circuits, and electric
filters, and thus significantly reduces its costorkbver, this method has good
performance due to the UWB transmission, and ietbhee, more suitable for indoor
wireless communications. Moreover, the Gaussiasepshaper (i.e., a special band-
pass filter) must be utilized to generate Gausgalses or differential Gaussian
monocycle pulses in the electronic impulse radsiesy.

High-speed wireless communications are gaining [aopy to satisfy increasing
demands for a broadband access. IEEE 802.15a m®pbat data rates of UWB
signals for the emerging standards should be ard@@Mbps to 480 Mbps for a
distance of up to 10 meters [76],[77]. Attenuatémd bandwidth limitations of copper
cables will reduce transmission range and qualignemore significantly for UWB
signals.

The transmission distance of UWB radio systems,dvaw is limited up to ten meters
due to the extremely low regulated power spectruemsidy by the Federal
Communications Commission (FCC). Radio over FibRoK) is a promising
technology to extend the transmission distanceiftyilbuting such UWB signals over
an optical link. Through the optical link, a numlzdrstand-alone UWB applications
in a building, for example, can be networked widitle other, which leads the system
to overcome the distance limitation. On the othemd) it is always desirable that the
optical link has capacity to transmit the UWB signéth full spectrum released by

the regulator such as FCC’s. RoF technology is & effective way to distribute
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UWB signals over extended distances, allows cemné@l operations and reduce
infrastructure and operational costs [78].

UWB pulse signal over optical fibre is proposed $bort distance by Yao [73] and
Yee [77]. They investigate the transmission chargtic of UWB radio through a
single mode RoF system for different lengths u@ tam with different pulse shape.
But in this research, the distance has been extemgléo 50 Km.

This section investigates impulse radio ultra wateb (IR-UWB) over Fibre system
based on a feedforward linearizer to suppress kbl €ancellation by the use of the
SOA. The RF signal of UWB is transmitted over 50 kingle mode fibre (SMF)
using external Mach Zehnder modulator (MZM), amedf linearized and detect by a
photo detector receiver. For improving the lingaaind suppressing the FWM of
SOA, the amplifier uses the feed forward technidire simulation setup investigates
the effects of optical link with the amplificatian the transmission characteristics of
the UWB signal, including the effects of dispersiof optical fibore and optical
nonlinearity of the photonic devices, which are arignt to realize a high quality
communication system. In addition this section @nés a simulation model for
investigation of a RoF transmission. The UWB putsgenerated by using a novel
UWB band pass filter (BPF) with a high performafitter. The simulation includes
the external optical modulation, fibre-optic transsion, SOA amplification, feed-
forward linearization and photo detection of th# fuWB signals. This simulation
results show that RoF technology can be used iabigldistribute UWB signals and
enhance the coverage.

4.6.1 RoF Structure

The simulation model configuration shown in Fig2ldemonstrates an electrical to

optical (E/O) module that uses laser diode techmolo indirectlymodulate the IR-
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UWB radio signal via MZM into optical frequencies @ 1550nm wavelength. It is
simulated to transmit two UWB RF signals from a UWBBnsmitter to the fibre via
indirect modulation (Fig. 4.22). The data sourcaelésived from a Pseudo-Random
Binary Sequence (PRBS) generator which can proddué&ary data stream to create
pseudo random data stream. The electrical IR-UWgBadiis generated by pico-
second impulse forming. On the optical side, thigcapsignal has passed through 50
km fibre and then amplified by the SOA amplifieherl feed-forward linearization
technique is used to compensate the nonlineastysed by the fibore and SOA. The
optical signal is converted back to electrical sighy using a photo detector at the
receiver end. A variable attenuator between the UvdBsmitter and E/O converter
acts as an automatic gain control (AGC), thus preng link saturation. BER
analyzer calculates BER by analyzing the demoddlbieary data with the reference

binary data stream.
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A general UWB transmitter block diagram is shownHiy. 4.23. First, data are
generated by applications that are quite separate the physical layer transmitter
known as ‘back end’. This binary information stremsnthen passed to the ‘front end’,
which is the part of the transmitter which we amnaerned about. If higher

modulation schemes are to be used the binary irgtom should be mapped from bits
to symbols, with each symbol representing multipites. These symbols are then
mapped to an analogue pulse shape generator. €répie synchronisation is

essential to ensure system operation. In PPM bagstéms both slot and frame
synchronisation is required. Pulses can then bealyt amplified before being

passed to the transmitter. In general though, tetmpewer spectral requirements, a
large gain is typically not needed and may be @uitAlthough this is an extremely
simplistic transmitter model, which omits any fordiaerror correcting scheme, it

serves the purpose to show that UWB transmitterdeaquite simple [79].
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Figure 4.23 A general UWB transmitter block diagram
The normalized optical field being phase-moduldigdhe Gaussian pulse train can

be expressed in the form of [79]:
E(t) = exd jart + B.s(t)] (4.33)
wherew, is the angular frequency of the optical carrigr,is the phase modulation

index, ands(t) is the pulse train represented by:
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st)= 3" p(t-nT) )

n=-o
where T is the pulse repetition interval, ano(t represents an ideal Gaussian pulse
waveform. It is known that the energy spectral dgred p(t) is large at dc and low-

frequency region, and due to the high wavelengtkemavireless transmission of such

a signal, impractical [80], [81]. The Gaussian fiimrt is described by [79]:

p(t) = 1 g (t-1?/20%)
2mo?

(4.35)

where 0 the standard deviation angd the mean of the Gaussian distribution. For

U =0, the Gaussian function is given by [79]:

1 12/ (202
p(t) = et/ (4.36)

q

More waveforms can be created by high-pass filgeoh Gaussian pulse. Filtering
acts in a manner similar to the Eq. (4.36). The&t filerivative of a Gaussian pulse is a

Gaussian monocycle which has the form of [79]:
32k° ). e
p(t) = [T]te (0 (4.37)

A Gaussian monocycle has a single zero crossimghéuderivatives yield additional
zero crossing. The input signal to the fibre shob&l the 2nd derivative of the

Gaussian function. The Gaussian doublet is givedimia domain as:

o(t) =[3§7‘T ]4(1—2<kt)2)e'<“>2 (4.38)

The approach proposed in this section is to conheridoublet Gaussian pulses into

UWB pulses in the optical domain, which can be exygdl as UWB pulse source in a
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UWB-over-fibre network. In addition, in the propdsapproach since the SOA
produce the nonlinearity, the feed-forward lineatian technique can be applied to
improve the operational capabilities of the UWB iurtge systems.

4.6.2 Results
In this section, we have only focused on the BPSKBJsignal. A typical doublet

Gaussian waveform is shown in Fig. 4.24(a) whickduso drive a laser diode,
whereas the output of the optical receiver is showfig. 4.24(b). The full width at

half maximum (FWHM) of the UWB radio signal befdeser is 36.74 picoseconds
according to Fig. 4.24(a) and the spectrum of thedutated Gaussian pulse for
positive frequencies is illustrated in Fig. 4.25(a)

After 50 km fibre and the linearization the UWB wderm has spread to 70.14
picoseconds and the delay of 92.42 picosecondbleaphoto receiver output with
respect to the signal before laser as shown in& b. Also its spectrum is shown
in 4.25 b which shows the impact of pseudo randoisen(PN) time offsets on energy
distribution in the frequency domain. If the origihUWB signal needs to be
preserved, additional pulse compression or higls fiisering may be applied at the

optical receiver output to compress the UWB pulses.
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Figure 4.24 (a): The input signal to the laser diog, and (b): the optical receiver
output signal
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Figure 4.25 (a): Signal spectrum before linearizatin, and (b): signal spectrum
after linearization
The input power of both Channel 1 and Channel Z2veet equal at -41 dBm/MHz
and the simulated RF spectra at different poirgsshown in Fig. 4.26. It can be seen
that without the feed-forward linearization theseFWM caused by the laser sources
and the SOA. With feed-forward linearization, FWdreduced by more than 25 dB
see Fig. 4.26(d).
Figure 4.26(a) shows the optical signal spectruthatbutput of the multiplexer with
a carrier power of 4.4 dBm. Figure 4.26(b) showes aptical spectrum of the UWB
signals having passed through a 50 km SMF. Notetheacarrier signal power is
reduced by 5.6 dB. Figures.4.26(c) illustratesdigmal spectrum at the output of the
SOA showing increases the carrier power of 12.2 dBichthe IMD of -39.7 dBc/Hz.
Following linearization, the carrier power has rémed the same as input (i.e. 12.2
dBm), and the IMD is suppressed to -67.3 dBc/Hz Beg 4.26(d), an IMD
improvement of 27.6 dB. Aomparison between Fig.4.26(c) and (d) show thexetis

no power penalty.
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Figure 4.26 (a): Signal spectrum after
50km SMF (c): signal spectrum after
linearization

Eye diagrams simulated for back-to-back operatio;n shown in Fig.4.27, for an

optical power of GBm. Without the feed-

Fig. 4.27(a) is small and the excess noise inhenethie transmitted bits “1” is clearly

visible. Fig. 4.27(b) shows that with the feed-fard system, the eye has a much

-2|U

-4D
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-SP

=100

1551 p 1.552p 1553
Wavelength (m)

(d)

multiplexer(b): signal spectrum after
SOA, and (d): ignal spectrum after

forward system, the eye opgrshown in

wider opening and reduced noise level on the bibasy‘1”.
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Figure 4.27 (a): Eye diagram before linearizationand (b): eye diagram after
linearization

4.7 Predistortion Feedback Linearization for IR-UWB over Fibre
Predistortion feedback techniques have been widelgstigated for RF amplifier

linearization. IMD suppression has been achievedglwith a reduction in linear

amplifier gain equal to the loop gain of the feeddbamplifier. It has small and simple
circuitry which is the most important advantage][&0r the first time the application

of optical predistortion feedback (OPDFB) is proguabso linearize the overall optical

amplifier response so that spectral re-growth efamplified optical modulated signal
can be avoided. There is a strong demand for arirer that has a simple optical
circuit configuration, a minimal control circuithd a large improvement in IM3

components. This research investigates a simpledod cost method using OPDFB
linearization to suppress the FWM and reduce thE A8ise due to the SOA used in
RoF systems.

A promising technique to remove the drawbacks efRffr linearization technique is,
Predistortion (PD). The PD based on the error faekilxorrection is a powerful

linearization technique because the error correcti® insensitive to amplifier
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variations, such as temperature, supply voltage, @evice variations, as well as
nonlinear characteristics of the PA. Among the Redrization techniques, the
lookup table (LUT)-based PD has been widely usedibee it is relatively simple and
easily implemented to build the inverse functionP#s. In the PD algorithms that
provide as the inverse function of the amplitudd phase distortions (AM/AM and
AM/PM) generated by the PAs, the basic and mostonapt issue is that the
estimation error, the difference between the ddsired the estimated values, should
reach the minimum value for a given input signal.

4.7.1 RoF Architecture

The OFBPD linearization method can accurately ektiiae PD signal and enhance
the tolerance of the IM distortion cancellation tne feedback linearization. In the
linearizer, the main signal, as well as the efnofed back, suppressing the open loop
gain. We believe that this is the first reporteticg) PA linearization technique using
PD and feedback techniques in the optical domamg¢hveliminates the problems of
the optical feedback circuit. As a result, the aisbn correction of the PD is carried
out by the PD and further enhanced by the feedbiaekarization. Compared to
conventional PD, the IMD cancellation toleranceighanced by a factor of the gain
compression of the feedback circuit, and the esxtraction algorithm is very simple.

The input signal is split to form two identical pst although the ratio used in the
splitting process need not be equal. The signtiertop path is amplified by the main
power amplifier and the non-linearities in this difigr result in inter-modulation and

harmonic distortions being added to the originghal. The directional coupler, C2,
takes a sample of the main amplifier signal analde¢ to the subtracter (C3, 180
degree) where a time delayed portion of the origsignal, present in the lower path,
is subtracted. The result of this subtraction psece an error signal containing
substantially the distortion information from theaim amplifier; ideally none of the

original signal energy would remain. The error sigs then amplified linearly to the
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required level to cancel the distortion in the mpath and fed to the output coupler.
The main path signal is time delayed, and fed &dbupler C1 in anti-phase to the
amplified error signal. The error signal will theeduce the distortion information of
the main path signal and after passing the mainlidenpeaving substantially an

amplified version of the original input signal.

Optical Coupler

Rate Equation / \ Pin Diode
Laser +
l ' ‘v \ | | Spectrum
SOA Lt

Analyzer

C, Cout (t)
2 _Kl

Signal

i )]
Generator %

% enn(t)

Predistorted Signal

Optical Predistortion Feedback
Linearization

Figure 4.28 General diagram for predistortion feedlack linearization

4.7.2 Predistortion Feedback Approach
In this section CW and IR-UWB signals have beerdusesimulate the output of the

SOA using optical Predistortion feedback approachetiuce the noise and linearize
the output. The aim is to cancel out the noisefandwave mixing. Table 4.3 shows
the parameters that have been used at 1550 nrhddheoretical analysis for SOA,

and table 4.4 represents the pin diode parameters.
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Table 4.3

Parameters Value Unit
Refractive index 34

optical confinement factor 0.3

differential gain 278x107%° m?
carrier density at transparency 14x10* m?
Volume 0.0005x (3x10™ °)x (8x10™ %) | m®
line width enhancement factor 5

recombination coefficients A 143000000 s
recombination coefficients B 1x107° m®/s
recombination coefficients C 3x10™ m®/s
Insertion loss 3 dB
cavity loss 3 dB
facet reflection 10

Table 4.4

Parameters Value Unit
Responsivity 0.8 A/W
dark current 5 nA
forward current 5 mA
reverse photo current 3 mA
capacitance 0.3 pF
Coupling ratio 10%

This section, demonstrate the first illustratiortted transmission of multi-channel IR-
UWB signals which are in the range 3.1-10.6 GH{itne distribution architecture
with OPDFB linearization employed to improve syst@erformance. Signals are
generated and distributed using a WDM and 50 kmefibing architecture. The
wavelength spacing for the channels is based onnen.1Changing the phase and

amplitude of the optical signal in the proposecedinzation scheme, carrier to IMD

ratio is improved to more than 20 dB with optimahditions.

Figure 4.28 contains elements of both feedback faed-forward, although it is

essentially a feedback technique in terms of istodiion cancellation methodology.
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Its detailed operation is illustrated by variousdpa (amplitude versus frequency
plots) shown at a number of points within the feggumm this system, there are two
signal generators with the electrical carrier & @Hz and 1mW output power. These
signals are indirectly modulated with two CW lasea a MZM. CW Laser 1,
operating at 1551 nm wavelength, §, and CW Laser 2 1552 nm wavelengt) Y are
multiplexed and transported to the fibre. Accordioghe characteristics of the FWM,

the two wavelengths should satisty.,,,, =24, -4, andi.,,, =24, -A4,. To

compensate for the SOA nonlinear distortion, femuvlrd linearization scheme is
used.

Two CW lasers, one with 1551 nm wave length and dtieer with 1552 nm
wavelength were both generating optical signalé wihW output power. This signal
is sent to the multiplexer and then to the divigied split to form two identical paths.
This feedback system in a practical world is regghito control the gain and phase
matching of the two loops. Thus it is evident ttvab separate feedback systems are
required. The first to correct for the gain andgghenismatches in the error loop. This
correction minimizes the input signal componenthef error signal. The second to
correct for the gain and phase mismatches in thecon loop. This minimizes the
amount of distortion present in the final outpwnsil. The signal in the top paths is
amplified by the main power amplifier and the norearities in this amplifier result
in inter-modulation and harmonic distortions beaugled to the original signal. Noise
is also added by the main amplifier. The directiarmupler C2 takes a sample of the
main amplifier output signal and feeds it to théotsacter where a time delayed

portion of the original signal, present in the lowpath, is subtracted. The result of
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this subtraction process is an error signal comtgirsubstantially the distortion
information from the main amplifier.

The purpose of the error signal is to act as aigi@ting signal for the coupler C1,
with feedback mechanism operating continuouslyeal-time (unlike that of, say,

conventional Predistortion). The error signdl used to modify the amplifier's

characteristics to minimize distortion, is defireed
V, =DV, - DV, (4.60)

where DV

out

and DV, are, respectively, the detected output and inpnads. Error
signal V,can be used to control the gain of the amplifiermbgans of a variable

attenuator. Superior linearity can be obtained dryecting both amplitude and phase.
The magnitude and phase error signals can be daenilhe resulting voltages are
used to control an attenuator and a phase shifteirtiimize signal error.

The resulting optical error signal should be coraplr with the optical input signal
(although containing unwanted distortion). Finaley,copy of the input signal is
subtracted from the optical error signal, with apra@priate gain and phase weighting
to ensure near-ideal vector subtraction. The resulkerror signal resembles those
typically seen in a feed-forward system. It is thgain and phase weighted and
amplified. Next it is added to the original inpugrgal, to form the optical input to the
output, as described earlier.

The degree of gain and phase matching requirechenntain-signal cancellation
process, to achieve good performance, is repootée tquite high. A match of 0.1dB
and 0.1 degree was used to generate the resulchieve and maintain these levels
of matching in a practical solution would requireautomatic control system, in very

much the same way as that of the error-generatio in a feed-forward system. The
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main advantage of the technique lies in its poadigtinigh linearity improvement
capability. The technique is capable of some 20B26IMD improvement for two-
tone test carrier [70]. This represents a usefprawement in receiver intercept point.
This linearity improvement was achieved with a rmal degradation in overall noise
figure. This is a clear advantage over both feedrdod and Predistortion techniques.
The main disadvantages of the technique lie irratative complexity, particularly
when a control scheme is included to maintain tlkeefopmance of the vector
cancellation part of the system.

There has been considerable work on the use ob&e&dfor the linearization of RF
and microwave amplifiers. Feedback techniques @aditaded into several distinct
branches. The use of linear networks for feedbaakell documented but has seen
little use at microwave frequencies. The reasornHt@ reluctance is probably due to
concerns with amplifier stability and the difficulin making networks with non-ideal
components function over wide frequency bands.

The simulator adjusts the amplitude, phase andydela parameters belong to the

compensation circuits until the fundamental freques (1, andA,) are cancelled, or

at least minimized in the first loop. The adjustierethod consists in variations of
amplitude, phase and delay line parameters belgngirihe compensation circuit in
the correction loop until the third order inter-nutation products of the output signal
are minimal or until the inter-modulation distameach the maximum value. The gain
and phase adjustment components (compensationitgjreqre shown in Fig.4.29.
Since the gain and phase-matching characterisfickean-forwvard amplifiers are
critical to their performance, it is necessary tswe that these can be maintained

throughout the practical design of the amplifiehefle is a compromise between the
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additional complexity of additional circuitry to mibor loop performance and correct
for errors, or additional loops.

To simulate the model with feed-forward linearipati an input CW Laser with the
following parameters was applied to the circuitwhan Fig.4.29: line-width of 100
MHz and 5 mW. In order to obtain deep SOA saturgtibe SOA (Fig.4.29), were set
to small-signal gains of 18.5 dB. The simulatedpattafter the SOA is shown in
Fig.4.31(a). The complete optical performance ke fied-forward linearization has

shown by Fig.4.31(b).

Optical Coupler

Optical Predistortion Feedback
Linearization

Figure 4.29 OPDFB linearization with CW input
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Figure 4.30 OPDFB linearization with IR-UWB input
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4.7.3 Results
The input powers of both Channel 1 and Channel 2 wet equal at 0 dBm and the

simulated RF spectra are shown in Fig.4.31 for iegpbn A. It can be seen that
without the OPDFB linearization there is FWM causgdthe two high power input
signals modulating Laser 1 and Laser 2. With OPDR&arization, FWM is reduced

by more than 20 dB.

37 dBc/Hz

Power (dBmj

1554 1551 p 1458520 1.5535p 1854 15851 1.552p 1.553p
Wavelength (m) Wavelength (m)

(a) (b)
Figure 4.31 (a): Signal spectrum before linearizatin, and (b): signal spectrum
after linearization
The simulated spectra of the two tone CW RF sigmditectly modulated signal with
and without the linearizer are shown in Fig.4.31.

In Figs.4.31 (a) and (b), the carrier average ggo the same in both spectrum (8
dBm), and the IMD is -37 dBc/Hz without the lineaai and -59 dBc/Hz with the
linearizer, respectively. Aomparison between Fig.4.31 (a) and (b) show tieetis
no power penalty for transmission, an IMD improveimef 22 dB.

The simulated spectra of the two IR-UWB signalsirextly modulated signal via
MZM (application B) with and without the linearizare shown in Fig.4.32. Figures

4.32 (a) illustrate the signal spectrum after S@©Admpensate for the transmission
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loss over 50km SMF showing a carrier power of 1Brhicand IMD of -24.7 dBc/Hz.
After linearization, the carrier power is the saasebefore linearization (18 dBm), but
IMD is reduced to -45.3 dBc/Hz which is shown ingBi32(b), as the IMD
improvement by the linearizer is 20.6 dBcAmparison between Fig.4.32 (a) and (b)

show that there is no power penalty for transmissio
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Figure 4.32 (a): Signal spectrum before linearizatin for application B, and (b):
signal spectrum after linearization for application B
In this part, is only focused on the BPSK UWB sig#atypical doublet Gaussian
waveform is shown in Fig.4.33(a). The input sigt@lthe laser diode is given in
Fig.4.33(a) and the photo receiver output signahiswn in Fig.4.33(b). The pulse
width measured at 50 % of the maximum amplitudéhefUWB radio signal before
laser is 36.74 picoseconds according to Fig.4.34(a its spectrum measured is
shown in Fig 4.34(a).
After 50 km fibre and the linearization the UWB wéerm has spread to 70.14
picoseconds and this is a delay of 92.42 picosex@idhe optical receiver output
UWB spectrum is shown in Fig.4.34(b). If the orginJWB signal needs to be

preserved, additional pulse compression or higls fiiering may be applied at the
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photo detector output to compress the UWB pulséeradtively, the UWB antenna

can also be used to shape the signal to meet th&siem spectrum mask at the

downlink.
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Figure 4.33 (a): The input signal to the laser diog, and (b): the photo receiver
output signal
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Figure 4.34 (a): Signal spectrum of the input sigraand (b): Signal spectrum
after linearization
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Figure 4.35 illustrate the obtained BER of the algmith linearization with respect to
the optical signal to noise ratio (OSNR). Incregdilme OSNR improves the BER as

one would expect. Also it is shown with the backtxk signal it has obtained

theBER=10"at 76.2 dB OSNR.

Wi, bog of BER

| ra 4 TG e
CEHE 1 (i)

Figure 4.35 Bit error rate graph for the predistortion feedback linearization
using UWB signal for source “square mark—back to bek signal” and “cross
mark- BER of the signal with linearization

Eye diagrams simulated for back-to-back operatmmaljpplication A, at an optical
power of 0dBm are shown in Fig.4.36 Without the feed-forwaxgtem, the eye
opening shown in Fig.4.36 (a) is small and the sxewise inherent in the transmitted

“ones” is clearly visible. Fig.4.36 (b) shows théth the feed-forward system, the eye

has a much wider opening and reduced noise onothes".
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Figure 4.36 (a): Eye diagram before linearizationand (b): eye diagram after
linearization

In order to estimate the performance of this systemoptical signal to noise ratio
(OSNR) is varied at the input of the device. Figli&7 shows the regenerator
performance as a function of the OSNR in back-tckldar the two channels for an
OSNR of 78 dB. Figure 4.37 shows the quality fagthich for a higher OSNR the Q
will be higher. As it is shown in Fig. 4.37 for theser with 78.4 dB OSNR the quality
factor become more than 6.

Regeneration may also be used for a single chammet. In this case, the regenerator

improvement increases due to the reduction of XPM.
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Figure 4.37 Quality factor after linearization with respect to input signal

4.8 Optimization Method for Compensation Circuitry

OptiSystem provides a powerful multi-parameter ivaltget optimization tool. The
optimization is performed by simulating the optisgstem or sub-system. In general,
the optimization tool adjusts one or more signat@nponent parameters before each
run, based on previous results obtained using pienzation algorithm. It can also
force several user-defined constraints on selegi@@meters. This is especially
important when for example a selected parametesegeral parameters is must be
kept between certain values.

The optimization tool also allows setting up mu#ipnulti-parameter optimizations
and running them in sequence. If proper parametees selected optimization
procedure can find the optimum parameters aftesoregble number of iterations.
Number of iterations depends on number of parameielected, number of target

values, degree of sensitivity, starting values affameters, complexity of the system,
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etc. For example optimizing length to maximize @dactor may take a couple of
iterations, while adjusting the gain and phase eedforward linearization for

cancelation are more than 300 iterations. Howeaggll optimization procedures, the
selected procedure may give a local minima or mavimstead of a global one. In that
respect, it could give two different results depegdon initial parameter values.
Since the parameter range is well known, this tsanaroblem most of the times.

A flowchart of compensation circuitry for the errdoop is shown in Fig. 4.38. The
first step is to read the power and phase valu@fsampled signal at the coupling
port of the C1, and reference unamplified signapeetively. Then it compares the
power and phase between these two arms. If powef & sampled signal is greater
than power P2 of the unamplified, the variableratsgor increases by 0.1 dB, and if it
is smaller than P2 the attenuator decreases bgH).intil they become equal. Next
step is to compare the phases, it increases thseps$iafter by 1 degree on the

unamplified reference signal arm until teg,, (t) become minimum.
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Figure 4. 38 Optimization flowchart for error loop

A flowchart of compensation circuitry for the castien loop is shown in Fig. 4.39.
The first step is to read the power and phase vaflube error amplified signal, and
distorted amplified signal respectively. Then itngmares the power and phase
between these two arms. If power P1 of the erropliied signal is greater than
power P2 of the distorted amplified signal, theiatale attenuator increases by 0.1 dB,
and if it is smaller than P2 the attenuator de@edsy 0.1 dB, until they become
equal. Next step is to compare the phases, itaseethe phase shifter by 1 degree on

the error amplified signal arm until the harmoracshee, , (t) become minimum.
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Figure 4.39 Optimization flowchart for correction loop

4.9 Summary

Different linearization techniques were summarizedhis chapter, each one with
different advantages and disadvantages which maken tsuitable for specific

applications such as feedback, predistortion, a®dlfbrward linearization. Optical

feedforward and predistortion feedback linearizatimve been discussed in detail,
and improved the harmonic distortion more than BOfar both techniques for two

CW tone signals, and more than 6 dB for single ttmsuppress the ASE noise.
Those techniques also applied for IR-UWB over filaed provided the same
performance, and the results are provided in tintk feequency domain. Finally the

optimization procedure is described for the errat eorrection loop.
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CHAPTER 5
WDM for Radio over Fibre Applications

5.1Introduction
In principle, single-mode fibres used for opticadmomunication systems have

enormous capacity and can transport informatiobitatates exceeding 10 Th/s. In
practice, however, the bit rate was limited to 1/<or less until 1995 by the speed
of electronic components and by the limitations asgd by the dispersive and non-
linear effects occurring inside optical fibres. &@nthen, transmission of multiple
optical channels over the same fibre through wangledivision multiplexing
(WDM) has extended the system capacity to beyond/4.

5.2WDM Lightwave Systems

Wavelength Division Multiplex corresponds to théeme in which multiple optical
carriers at different wave length are modulatedubing independent electrical bit
streams (which may themselves use TDM and FDM igdes in the electrical
domain) and are then transmitted over the same.fibhe optical signal at the
receiver is demultiplexed into separate channeladiyg an optical technique. WDM
has the potential for exploiting the large bandtidiffered by optical fibres. For
example, hundreds of 10-Gb/s channels can be titadnover the same fibre when
channel spacing is reduced to below 100GHz [39].

The low-loss transmission windows of optical fiboesitred near are 1.3 and 1/56.

If the OH peak can be eliminated using “dry” fibréd®e total capacity a WDM system
can ultimately exceed 30-Tb/s [39]. The concepiMdM has been pursued since the

first commercial lightwave system became availahld980. In its simplest form,
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WDM was used to transmit two channels in differe@insmission widows of an

optical fibre. For example, an existing 148 lightwave system can be upgraded in
capacity by adding another channel near 85 resulting in a channel spacing of

250nm. Considerable attention was directed during th80%$Xoward the reducing
channel spacing, and multichannel systems witheamél spacing of less than @rt
had been demonstrated by 1990 [84]-[87]. Howevtavas during the decade of the
1990s that WDM systems were developed most aggsdgsiCommercial WDM
systems first appeared around 1995, and their tafadcity exceeded 1.6-Tb/s by the
year 2000. Several laboratory experiments demdsstia 2001 a system capacity of
more than 10-Tb/s although the transmission distamas limited to below 200km
[42]. Clearly, the advance of WDM has led to a uait revolution in design in
lightwave systems.

5.2.1 High-Capacity Point-to-Point Links

The ultimate capacity of WDM fibre links depends loow closely channels can be
packed in the wavelength domain. The minimum chiagpacing is limited by inter-
channel crosstalk. Typically channel spaciing, should excee@B at the bit raté .
This requirement wastes considerable bandwidthis licommon to introduce a
measure of the spectral efficiency of a WDM systsn, = B/Av,, . Attempts are
made to make), as large as possible.

The channel frequencies (or wavelengths) of WDMesyis have been standardized
by the International Telecommunication Union (ITO) a 100 GHz grid in the
frequency range 186-196 THz (covering the C anchhds in the wave length range
1530-1612 nm). For this reason, channel spacinghftst commercial WDM systems

is 100 GHz (0.8 nm at 1552 nm). This value leadsrly 10% spectral efficiency at

111



the spacing bit rate of 10 Gb/s. More recently Iia$ specified WDM channels with
a frequency spacing of 50 GHz. The use of this wlhspacing in combination with

the bit rate of 40 Gb/s has the potential of insie@ the spectral efficiency to 80%.
WDM systems were moving in that direction in 2001.

The low-loss region of the state-of-the-art “drigrés” (e.g. fibres with reduced OH-
absorption near 1.4 um) extends over 300 nm inneelength region 1.3-1.6 um.
The minimum channel spacing can be as small as39 & 0.4 nm for 40 Gb/s

channels. Since 750 channels can be accommodat¥d36@ nm bandwidth, the
resulting effective bit rate can be as large asIBG. If we assume that the WDM
signal can be transmitted over 1000 Km by usingcaptamplifiers with dispersion

management, the effective BL product may exceed0B0(Tb/s)-Km with the use of

WDM technology. This should be contrasted with thed-generation commercial

lightwave systems, which transmitted a single clebomer 80 Km or so at a bit rate
of up to 2.5 Gbl/s, resulting in BL values of at i@ (Th/s)-Km. Clearly, the use of
WDM has the potential of improving of the performanof modern lightwave

systems by factor of more than 100,000.

In practice many factors limit the use of the entow-loss window. Most optical

amplifiers have a finite bandwidth the number oarmhels is often limited by the
bandwidth over which amplifiers can provide neantyform gain. The bandwidth of

Erbium-doped fibre amplifiers is limited to 40 nwea with the use of gain-flattening
techniques. The use of Raman amplification hasnebeig the bandwidth to near 100
nm. Among other factors that limit the number ofachels are (i) stability and

tunability of distributed feedback (DFB) semiconttudasers, (ii) signal degradation
during transmission because of various non-linéfeces, and (iii) inter-channel cross

talk during demultiplexing. High-capacity WDM fibrenks require many high-
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performance components, such as transmitters attegr multiples DFB lasers,
channels multiplexers and demultiplexers with addpdcapability, and large-
bandwidth constant-gain amplifiers.

Experimental results reported on WDM systems cadiyided into two groups based
on whether the transmission distance=i$00 Km or exceeds 1,000 Km. Since the
1985 experiment in which ten 2 Gb/s channels whienesmitted over 68 Km [3],
both the numbers of channels and the bit rate dividual channels have increased
considerably. A capacity of 340 Gb/s was demoratrat 1995 by transmitting 17
channels, each operating at 20 Gb/s, over 150 K9h [his was followed within a
year by several experiments that realized a capatit Th/s. By 2001 the capacity of
WDM systems exceeded 10 Tb/s in several laboratexperiments. In one
experiment, 273 channels, spaced 0.4 nm apart actd @perating at 40 Gb/s, were
transmitted over 117 Km using three in-line ameiii, resulting in a total bit rate of
11 Tb/s and BL product of 1300 (Tb/s)-Km [90]. Teus.1 lists several WDM
transmission experiments in which the system cépasiceeded 2 Th/s.

Table 5.1 High capacity WDM transmission experimerd

Channels Bit Rate Capacity Distance NBL Product
N B (Gb/s) NB (Tb/s) L (km) [(Pb/s)-km]

120 20 2.40 6200 14.88
132 20 2.64 120 0.317
160 20 3.20 1500 4.80

82 40 3.28 300 0.984
256 40 10.24 100 1.024
273 40 10.92 117 1.278

The second group of WDM experiments is concerndtl wansmission distance for
more than 5,000Km for submarine applications. 11996 experiment, 100-Gb/s
transmission (20 channels at 5-Gb/s) over 9,100Kms wealized using the

polarization-scrambling and forward-error-correntiechniques [91]. The number of
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channels was later increased to 32, resulting @0a3b/s transmission over 9,300Km
[92]. In a 2001 experiment, a 2.4-Th/s WDM sigrn@ channels, each operating at
20Gb/s) was transmitted over 6,200Km, resultingaitNBL product of almost 15
(Pb/s)-Km (see table 5.1). This should be compavital first fibre-optic cable laid
across the Atlantic Ocean (TAT-8); it operated 276Gb/s with NBL= 15 (Tb/s)-
Km The use of WDM had improved the capacity of usda systems by a factor of
10,000 by 2001.

On the commercial side, WDM systems with a capaeity#0-Gb/s (16 channels at
2.5-Gb/s or 4 channels at 10-Gb/s) were availabl#996. The 16 channels system
covered a wavelength range of about 12nm in th&-awb region with a channel
spacing of 0.8nm. WDM fibre links operating at 160/s (16 channels at 10-Gb/s)
appeared in 1998. By 2001, WDM systems with a dapat 1.6-Tb/s (realized by
multiplexing 160 channels, each operating at 10sisivere available. Moreover,
systems with a 6.4Tb/s capacity were in the devaetog stage (160 channels at 40-
Gb/s). This should be contrasted with the 10-Glajsacity of the third-generation
systems available before the advent of the WDMnieglte. The use of WDM had
improved the capacity of commercial terrestrialteyss by a factor of more than
6,000 by 2001.

5.2.2 Wide-Area and Metro-Area networks

Optical networks are used to connect a large grofipusers spread over a
geographical area. They can be classified as al-dmea network (LAN),
metropolitan-area network (MAN), or a wide areawwk (WAN) depending on the
area they cover [93]-[98]. All three types of neti® can benefits from the WDM
technology. They can be designed using the hulg, rim star topology. A ring

topology is most practical for MANs, while the stapology is commonly used for
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LANs. At the LAN level, a broadcast star is usedctanbine multiple channels. At
the next level, several LANs are connected to a M#®Nusing passive wavelength
routing. At the highest level, several MANs connéxta WAN whose nodes are
interconnected in a mesh topology. At the WAN levkeé network makes extensive
use of switches and wavelength-shifting devices teat it is dynamically

configurable. Consider first a WAN covering a widgea (e.g. a country).

Historically, telecommunication and computer netygor(such as the internet)
occupying the entire US geographical region havedua hub topology. Such
networks are often called mesh networks [99]. Hobsnodes located in large
metropolitan areas house electronic switches, wbatinect any two nodes either by
creating a “virtual circuit” between them or by mgi packet switching through
protocols such as TCP-IP (transmission control quaitinternet protocol) and

asynchronous transfer mode (ATM). With the advdritVidM during the 1990’s the

nodes were connected through point to point WDMdjrbut the switching was being
done electronically even in 2001. Such transpotivokks are turned “opaque”
networks because they require optical electronitversion. As a result neither the bit
rate nor the modulation format can be changed withthanging the switching

equipment.

An all-optical network in which the WDM network cgqrass through multiple nodes
(possibly modified by adding or dropping certainachels) is called optically
“transparent.” Transparent WDM network are deseabk they do not require
demultiplexing and optical-to-electronic conversioh all WDM channels. As a

result, they are not limited by the electronic-gpdmttleneck and may help in

reducing the cost of installing and maintaining thetwork. The nodes in a
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transparent WDM network switch channels using @pticross-connects. Such
services were still in their infancy in 2001.

An alternative topology implements a regional WDBktwork in the form of several
interconnected rings. Figure 5.1 shows such a sehgf0]. The feeder ring is
connected to the backbone of the network througbgaass node. This ring employs
four fibres to ensure robustness. Two of the filaes used to route the data in the
clockwise and counter clockwise directions. Theeotiwo fibres are called protection
fibres and are used in case a point to point lails f(self-healing). The feeder ring
supplies data to several other rings through acoedss. An add-drop multiplexer
can be used at all nodes to drop and to add ingwitlVDM channels. Dropped
channels can be distributed to users using bus,dreing networks. Notice those
nodes are not always directly connected and reqlata transfer at multiple hubs.
Such networks are called multi hubs networks.

Metro networks or MANs connect several centralaaffi within metropolitan area.
The ring topology is also used for such networles riiain difference from the ring
shown in Fig 5.1 stems from the scaling and cossicieration. The traffic flow in a
metro ring at a modest bit rate compared with a Wilg forming the backbone of a
nationwide network. Typically each channel operaie®.5 Gb/s. To reduce the cost,
a coarse WDM technique is used (in place of denB&W¢ommon in the backbone
rings) by using channel spacing in the 2 to 10 amge. Moreover, often just two
fibres are used inside the ring, one for carryimg data and the other for protecting
against a failure. Most metro networks were usitgctacal switching in 2001

although optical switching is the ultimate goal.
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AN=Access Node
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O=Passive Splitter
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Figure 5.1 A WDM network with a feeder ring connecéd to several local
distribution networks

In a test-bed implantation of an optically switchmétro network, called the multi-
wavelength optical network (MONET), several sitathua the Washington, DC, area
of the United State were connected using a setghit standard wavelengths in the
1.55 um region with a channel spacing of 200 GHz1]1 MONET incorporated
diverse switching technologies [synchronous didiigrarchy (SDH), asynchronous
transfer mode (ATM), etc.] into an all optical ringetwork using cross connect
switches based on the LiINbO3 technology.

5.2.3 Multi-Access WDM Networks

Multi access networks offer a random bidirectioaatess to each subscriber. Each

user can receive and transmit information to ahgouser of the network at all times.
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Telephone networks provide one example; they amvknas subscriber loop, local
loop, or access networks. Another example is pexvidy Internet used for
connecting multiple computers. In 2001, both thealdoop and computer networks
were using electrical techniques to provide bidiog@l access through circuit or
packet switching. The main limitation of such teicues is that each node on the
network must be capable of processing the entiteork traffic. Since it is difficult
to achieve electronic processing speeds in exceéskO-&b/s, such networks are
inherently limited by the electronics.

The use of WDM permits a novel approach in which thannel wavelength itself
can be used for switching, routing, or distributiegch channel to its destination,
resulting in an all-optical network. Since waveldnig used for multiple access, such
a WDM approach is referred to as wavelength divisiultiple access (WDMA). A
considerable amount of research and developmerk was done during the 1990s
for considerable amount of research and developmemnk was done during the
1990s for developing WDMA networks [102]-[106]. Buwdly speaking, WDMA
networks can be classified into two categoriesledasingle-hop and multi-hop all-
optical networks [93].Every node is directly conteecto all other nodes in a single-
hop network, resulting in a fully connected netwdrk contrast, multi-hop networks
are only partially connected such that an optigga sent by one node may require
several hops through intermediate nodes beforehimgdts destination. In each
category, transmitters and receivers can have tpgrating frequencies either fixed
or tuneable.

Several architectures can be used for all opticaltifnop networks [93]-[98].
Hypercube architecture provides one example itlbeen used for interconnecting

multiple processors in a supercomputer [107]. Tieehcube configuration can be
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easily visualized in three dimensions such thattengdes are located at eight corners
of a simple cube. In general, the number of nodesust be of the for@™, where m

Is the dimensionality of the hypercube. Each nsdeonnected to m different nodes.
The maximum number of hops is limited to m, whhe taverage number of hops is
about m/2 for large N. Each node requires m recgivEhe number of receivers can
be reduced by using a variant, known as the deBnatwork, but it requires more
than m/2 hops on average. Another example of aiimoft WDM network is
provided by the shuffle network or its bidirectibeguivalent the Banyan network.
Figure 5.2 shows an example of the single hop Wvork based on the use of a
broadcast star. This network, called the Lambd4h@8], is an example of the
broadcast and select network. The new featureeot.fmbdanet is that each node is
equipped with one transmitter emitting at uniquevekangth and N receivers
operating at N wavelengths, where N is the numbdenaale. The output of all
transmitters is combined in a passive star andilgiged to all receivers equally. Each
node receives the entire traffic flowing across mieéwork. A tuneable optical filter
can be used to select the desired channel. Ingbe cambdanet, each node uses a
bank of receivers in palace of a tuneable filtes fieature creates a non blocking
network whose capacity and connectivity can be nigored electronically
depending on the application. The network is atandparent to the bit rate or the
modulation format. Different users can transmitadat different bit rates with
different modulation formats. The flexibility of ghLambdanet makes it suitable for
many applications. The main drawback of the Lambtiathat the number of users
is limited by the number of available wavelengtMoreover, each node requires
many receivers (equal to the number of nodes)|tregun considerable investment in

hardware costs.
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Figure 5.2 Schematic of the Lambdanet with N nodegach node consists of one

transmitter and N receivers

A tuneable receiver can reduce the cost and contpleikthe Lambdanet. This is the
approach adopted for the rainbow network [109]sTietwork can support up to 32
nodes, each of which can transmit 1 Gb/s over 18420 It makes use of a central
passive star (see Fig.5.2) together with high-perémce parallel interface for

connection multiple computers. A tuneable optidéif is used to select the unique
wavelength associated with each node the main&mmg of the rainbow network

is that tuning of receivers is a relatively slovogess, making a difficult to use packet
switching. An example of the WDM network that ugeket switching is provided

by Starnet. It can transmit data at bit rates otagd.25 Gb/s per node over 10 km
diameter while maintaining a signal-to-noise rgd8&R) close to 24 dB [110].

WDM networks making use of a passive star coupleradten called passive optical
networks (PONs) because they avoid active switch#QNs has the potential for
bringing optical fibres to the home (or at leastthe curve). In one scheme, called
passive photonic loop [111], multiple wavelengths ased for routing signals in the

local loop. Fig.5.3 shows a block diagram of suchedwork. The central office
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contains N transmitters any thing at wavelengthsA,,....A,and N receivers
operating at wavelengtilg,,,...,A,, for network of N subscribers. The signals to each

subscriber are carried on separate wavelengthsaéh €irection. A remote node
multiplexes signals from the subscribers to serddbmbined signal to the central
office. It also demultiplexes the signals for indival subscribers. The remote node is
passive requires little maintenance if passive Wedvhponent are used. A switch at
the central office routes signals depending onntheelengths.

The design of access networks for telecommunicapplication was still a evolving
in 2001 [106]. The goal is to provide broadbandeascto each user and to deliver
audio, video, and data channels on demand, whigpikg the cost down. Indeed,

low-cost WDM components are being developed fa phirpose [113].
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Figure 5.3 Passive photonic loop for local-loop apipations [28]

5.3 System Performance Issues
The most important issue in the design of WDM Wglwe systems is the inter-

channel crosstalk. The system performance degradhemever crosstalk leads to
transfer of power from one channel to another. Suttansfer can occur because of
the nonlinear effects in optical fibres, a phenoarereferred to as nonlinear crosstalk

as it depends on the nonlinear nature of the conwation channel. However, some
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crosstalk occurs even in a perfectly linear chameebuse of the imperfect nature of
various WDM components such as optical filters, diplexers, and switches. In
this section both the linear and nonlinear crokstachanisms is discussed and also
is considered other performance issues relevatwioM systems.

5.3.1 Hetero Wavelength Linear Crosstalk

Linear crosstalk can be classified into two categgodepending on its origin [112].
Optical filters and demultiplexers often let lealraction of the signal power from
neighbouring channels that interferes with the c&ie process. Such crosstalk is
called hetero-wavelength or out-of-band crosstall ia less of a problem because of
its incoherent nature than the homo-wavelengthneband crosstalk that occurs
during routing of the WDM signal from multiple nadeSubsection focuses on the
hetero-wavelength crosstalk.

Consider the case in which a tuneable opticalrfiteused to select a single channel
among the N channels incident on it. If the optid#ér is set to pass the mth channel,

the optical power reaching the photo-detector care hvritten as
P=P, +Z:¢men P, where P, is the power in the mth channel aiig, is the filter

transmittivity for channel n when channel m is stdd. Crosstalk occurs if

T, #Z0fornz m. Itis called out-of-band crosstalk because ibbgs to the channels

lying outside the spectral band occupied by thenohbdetected. Its incoherent nature
is also apparent from the fact that it depends onlyhe power of the neighbouring
channels.

To evaluate the impact of such crosstalk on sygterformance, one should consider

the power penalty, defined as the additional powesjuired at the receiver to
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counteract the effect of crosstalk. The photocurgenerated in response to the
incident optical power is given by

N
I = RmF)m +Zn¢m RnTmnF)n = Ich +1 X (52)
where R =7,.g/hv, is the photo-detector responsivity for channel nthat optical
frequency v, and 7.,is the quantum efficiency. The second tefin Eq. (5.2)

denotes the crosstalk contribution to the rececwgrent . Its value depends on the
bit pattern and becomes maximum when all interéerchannels carry 1 bit

simultaneously (the worst case).

A simple approach to calculating the crosstalk popenalty is based on the eye
closure occurring as a result of the crosstalk [1TBe eye closes most in the worst

case for whichl, is maximum. In practice] 4 is increased to maintain the system
performance. Ifl needs to be increased be a factor &f, the peak current
corresponding to the top of the eyd,is d,1, +1, . The decision threshold is set
atl, =1,/2. The eye opening fromto the top level would be maintained at its
original valuel /2 if:

1 1
(Jxlch-l_lx)_lx_E(Jxlch+lx):E|ch (5.3)

or when d,=1+1,/l, . The quantityd, is just the power penalty for the mth

channel. By usingd , andl , from Eqg. (5.2),0, can be written (in dB) as:

Z:;m RnTmn I:)n J

) (5.4)

0= 10Ioglo(1_

where the powers correspond to their on-state salfi¢ghe peak power is assumed to

be the same for all channels, the crosstalk peradgomes power independent.
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Further, if the photo-detector responsivity is heathe same for all

channel§R_ =R ), d, is well approximated by:

d,~10log,,(1+ X) (5.5)
where X :z:tme is a measure of the out-of-band crosstalk; it regmés the

fraction of total power leaked into a specific chahfrom all other channels. The
numerical value of X depends on the transmission characteristics ofspexific
optical filter. For a FP filterX can be obtained in a closed form [114].

The preceding analysis of crosstalk penalty is dasethe eye closure rather than the

BER. One can obtain an expression for the BER,ifs treated as a random variable

in Eq. (5.2). The BER is given by Eq. (5.6) witle thn and off state currents given by

I, =14 + 1 andl, =1, if we assume that,, = i the off state [113].
BER = 1 erfd | rerid 1o~ lo (5.6)
o, f o2 '

The decision threshold is setlgt= Ich(1+ X)/2, which corresponds to the worst-

case situation in which all neighbouring channe¢sia the on state. The final BER is

obtained by averaging over the distribution of trendom variablé, . The
distribution of I, has been calculated for a FP filter and is gehefat from being
Gaussian. The crosstalk power penaltycan be calculated by finding the increase in

| ,,needed to maintain a certain value of BER.

5.3.2 Homo-wavelength Linear Crosstalk
Homo-wavelength or in-band crosstalk results fronDMW components used for

routing and switching along an optical network dva$ been of concern since the

advent of WDM systems [115]-[117]. Its origin caa bnderstood by considering a
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static wavelength router such as a WGR Fig. 5.4r @A N x N router, there exist
N?combinations through whiciN -wavelength WDM signals can be split. Consider
the output at one wavelength, shy Among theN? - 1interfering signals that can
accompany the desired sign&l,—1signals have the carrier wavelength while the

remainingN(N —1) belong different carrier wavelengths and likelyb®eliminated as

they pass through other WDM components.

AdAAe |1 a] AAfd
AdAAe |2 b| Adeflfls
Al i3 S| A
/11/12/13/14/15>4 d| AAppA
AP 5 el A, iy

Figure 5.4 Schematic illustration of a wavelengthauter

The N - 1 crosstalk signals at the same wavelength (in-lcansistalk) originate from
incomplete filtering through a waveguide-gratinguter (WGR) because of its
partially overlapping transmission peaks [35]. Th&l optical field, including only
the in-band crosstalk, can be written as [117]:

En1)= (En+ 2" E,Jexd-iay) (5.7)

where E, is the desired signal amg], = 27/, . The coherent nature of the in-band

crosstalk is obvious from Eq. (5.7).
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To see the impact of in-band crosstalk on systenfopeance, the power penalty
should be again considered. The receiver curtentRE,,(t)”in this case contains

interference or beat terms similar to the casepoical amplifier. One can indentify

two types of beat terms; signal-crosstalk beatiitt verms like E_E, and crosstalk-
crosstalk beating with terms likgE,, wherek # nandm# n. The latter terms are

negligible in practice and can be ignored. The iwerecurrent is then given

approximately as [118]:
1(t)= RP, () + 23, /P ()P (t) codea, ) - 4 (t)] (5.8)

where Pn=|En|2is the power andg,(t)is the phase. In practiceP,((P, for

m# nbecause a WGR is built to reduce the crosstalkceSphases are likely to

fluctuate randomly, we can write Eq. (5.8) &3= R(P, + AP).

The calculation of crosstalk penalty in the casedghamic wavelength routing
through optical cross-connects becomes quite ceoatplil because of a large number
of crosstalk elements that a signal can pass thrauguch WDM networks [119].
The worst case analysis predicts a large powerliye(<8dB) when the number of
crosstalk elements becomes more than 25 even ifctbsstalk level of each
component is only -40dB [120]. Clearly, the lineapsstalk is of primary concern in
the design of WDM networks and should be contréélalh simple technique consists
of modulating or scrambling the laser phase attthesmitter at a frequency much
larger than the laser line-width [120].

5.3.3 Cross Phase Modulation

The SPM and XPM both affect the performance of WBydtems. The effects SPM

applied to the individual channels of a WDM systdine phenomenon of XPM is an
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important mechanism of nonlinear crosstalk in WDMhitwave systems. XPM

originates from the intensity dependence of theaotive index, which produces as
intensitive-dependent phase shift as a signal gatea through the optical fibre. The
phase shift for a specific channel depends not onlyghe power of that channel but
also on the power of other channels [121]. Thel fhase shift for the jth channel is

given by:

g(P w23 m) (5.9)

where the first term is due SPM ahg, has been replaced witlia assumingal))1.

The parametey is in the rangd —10W ~'’km™ depending on the type fibre used, larger
values occurring for dispersion compensating fibréke nonlinear phase shift
depends on the bit pattern of various channelsvaniés from zero to its maximum
value g, = (y/a)(2N —1)Pj for N channels, if we assume equal channel powers.
Strictly speaking, the XPM induced phase shiftsafte¢ct system performance if the
GVD effects were negligible. However, any dispensio fibre converts pattern
dependent phase shifts to power fluctuations, ieduihe SNR at the receiver. This
conversion can be understood by noting that tinpeddant phase changes lead to
frequency chirping that affects dispersion indubegadening of the signal. The root
mean square (RMS) value of fluctuations dependtherchannel power and can be

reduced by lowering it. As a rough estimate if vge the conditiog,_,.( J1lthe channel
power is restricted to:

Pa(a/[/(2N - 1] (5.10)

For typical value ofa andy, P, should be below 10mW even for five channels and

reduces to below 1ImW fro more than 50 channels.
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The preceding analysis provides only a rough eséiraa it ignores the fact that pulses
belonging to different channels travel at differepeeds and walk through each other
at a rate that depends on their wavelength diffexeSince XPM can occur only when
pulses overlap in the time domain, its impact duceed considerably by the walk-off
effects. As a faster-moving pulse belonging to ohannel collides with and passes
through a specific pulse in another channel, théMXfduced chirp shifts the pulse
spectrum first toward red and then toward bluea llossless fibre, collisions of two
pulses are perfectly symmetric, resulting in no sgctral shift at the end of the
collision. In a loss managed system with opticaphiirers placed periodically along
the link, power variations make collisions betweemses of different channels
asymmetric, resulting in a net frequency shift tdapends on the channel spacing.
Such frequency shifts lead to timing jitter (theesp of a channel depends on its
frequency because of GVD) since their magnitudesddp on the bit pattern as well
as on the channel wavelengths. The combination PMXnduced amplitude and
timing jitter degrades the SNR at the receivergeslly for closely spaced channels,
and leads to XPM induced power penalty that dep@mdshannels spacing and the
type of fibres used for the WDM link. The power pkn increases for fibres with
large GVD and for WDM systems designed with smalarmel spacing and can
exceed 5 dB even for 100 GHz spacing.

Clearly, the use of low GVD fibres will reduce thigoblem to some extend but is not
practical because of the onset of FWM. In practidspersion management is
employed in virtually all WDM systems such that tleeal dispersion is relatively
large. Careful selection of the dispersion map matars may help from the XPM
standpoint but may not be optimum from the SPM poinview [122]. A simple

approach to XPM suppression consists of introducatgtive time delays among the
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WDM channels after each map period such that théit$ in neighbouring channels
are unlikely to overlap most of the time [123]. Time of RZ format is quite helpful
in this context because all 1 bits occupy onlyaztion of the bit slot.

5.3.4 Four Wave Mixing

The nonlinear phenomenon of FWM requires phase hirgjc It becomes a major
source of nonlinear crosstalk whenever the chaspating and fibre dispersion are
small enough to satisfy the phase matching condajmproximately [121]. This is the
case when a WDM system operates close to the zieperdion wavelength of
dispersion shifted fibres. For this reason, sevia@hiniques have been developed for
reducing the impact of FWM in WDM systems [124].

The physical origin of FWM induced crosstalk and tlesulting system degradation
can be understood by noting that FWM generates @ meave at the

frequencyw, =@ +w, - &, , whenever three waves at frequenaigsy, , andw, co-

propagate inside the fibre. For a-channel system, j, and kcan vary from 1

toN, resulting in a large combination of new frequesagenerated by FWM. In the
case of equally spaced channels, the new frequemaacide with the existing
frequencies, leading to coherent in-band crosstken channels are not equally
spaced, most FWM components fall in between therodla and lead to incoherent
out-of-band crosstalk. In both cases, the systerioqmeance is degraded because of a
loss in the channel power, but the coherent cribssiiegrades system performance
much more severely.

The FWM process in optical fibres is governed bge& of four coupled equations
whose general solution requires a numerical apprfB21]. If we neglect the phase

shifts induced by SPM and XPM, assume that theetbh@nnels participating in the
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FWM process remain nearly undepleted, and inclimte fosses, the amplituda. of

the FWM component at the frequenay is governed by:

%:_%AF +d. A A Alexpl-inkz) (5.11)

where A (z)=A,(0)exd-az/2)form=i, j,kand d. =2-4,is the degeneracy
factor defined such that its value is 1 wher jbut doubles when # j. This
equation can be easily integrated to ob#gifz). The power transferred to the FWM
component in a fibre of length L is given by [125]:

=A (L) =n(d- )P PRE™ (5.12)
where P, =|An(0)|2is the launched power in the mth channel gpds a measure of

the FWM efficiency defined as:

| exd a +iAk L]|
| (a+|Ak)

(5.13)

The FWM efficiencyr. depends on the channel spacing through the phaseatuh
governed by:

0k =B + B~ B - By = Brlw ~ww - @) (5.14)
where the propagation constants were expanded iagor series around
W, = (a)I +w, )/Zand,[z’zis the GVD parameter at that frequency. If the GbDthe
transmission fibre is relatively Iarge|,8§|>5 psz/km),qF nearly vanishes for typical

channel spacing of 50GHz or more. In contragt,=1close to the zero dispersion
wavelength of the fibre, resulting in consideraplewver in the FWM component,

especially at high channel powers. In the caseqaflechannel powers; increases

asP; . This cubic dependence of the FWM component lirtiits channel powers to
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below 1mW if FWM is nearly phase matched. Sincerttnaber of FWM components
for an M -channel WDM system increases\i(M —1)/2, the total power in all FW

components can be quite large.

A simple scheme for reducing the FWM induced degfiad consists of designing
WDM systems with unequal channel spacing [126]. itaén impact of FWM in this
case is to reduce the channel power. This powdetiep results in a power penalty
that is relatively small compared with the caseh&f advantage of unequal channel
spacing. In a 1999 experiment, this technique ve&sl wo transmit 22 channels, each
operating at 10 Gb/s, over 320 km of dispersioritesthifiore with 80km amplifier
spacing. Channel spacing ranged from 125 to 275 @Hthe 1532 to 1562 nm
wavelength region and were determined using a gieradlocation scheme [127]. The
zero dispersion wavelength of the fibre was clas&348nm, resulting in near phase
matching of many FWM components. Nonetheless, ys&eem performed quite well
with less than 1.5 dB power penalty for all chasnel

The use of non-uniform channel spacing is not abyanactical because many WDM
components, such as optical filters and waveguidging routers, require equal
channel spacing. The use of dispersion managemeonmmon for suppressing FWM
in WDM systems because of its practical simplicity.fact, new kinds of fibres,
called nonzero dispersion shifted fibres (NZDSK&®re designed and marketed after
the advent of WDM systems. Typically, GVD is in thenge of 4-8 ps/(km-nm) in
such fibres to ensure that the FWM induced crdsssahinimized [113].

5.4 Simulation Procedure

This section explains the simulation procedurehaf WDM with four channels for

four different modulation scheme, BPSK, QPSK, 16MDANnd 64-QAM which the
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overall block diagram has been shown in Fig 5.% fdur RF modulated light signals
are multiplexed with the 100 GHz spacing in 1550namge. The multiplexed signals
after passing through 50 km SMF and amplifier veitgain of 20 dB is demultiplexed
and then demodulated. Finally, the system quaditpssessed by means of the BER

and the constellation visualizer.
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B
i
S ikt DPSE RX
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o ey o =
WDl P ES
Frequency = 1931 THz WO Demux ES ik 16- 280 R
Frequency spacing = 100 GHz Frequency = 1931 THz
A R TS Bandwidth = 10 GHz Fraquancy spacing =|100 GHz
Bandwidth = 10 GHz [
i
]
Wikt BPSE RX
ihdsr BPSE TX

Figure 5.5 WDM block diagram with four different modulations

5.4.1 Transmission Block Diagrams
The BPSK and QPSK transmission block diagram aosvshn Fig.5.6 and Fig.5.7

respectively.
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Parameter for the bit rate, order, number of leqdind trailing zeros used PRBS. The

sequence length is defined by:

N=T,B, 5.15)
T,, is the global parameter time wind@nd B, is the parameter bit rate.

The phase of the transmitting information signal gary by PSK sequence generator

according to the source symbols. The phase vahegslken from the set of angles:
271, .
é, =(V(I _1)+¢j’l =12,.M (5.16)

where M =2"the number of is possible sequence of binary digitsd his the

number of bits per symbol, ands the phase offset. The in-phase and the quaératur
channel will have amplitudes according to:

|, =codg, )i =12,..M (5.17)

Q =sin(g, )i =12,..M (5.18)

With using Gray code, the adjacent signal amplgutiat correspond to the binary
sequences will differ by only one digit.

This model generates pulses according to:

Lo ()= 1,0t <T (5.19)
Quoxt)=Q, 0=t<T (5.20)

where |, andQ, are the amplitudes of the output signlasnd T is the bit period.
Assuming¢ =0, if h=1, M =2, then the generated signal is BPSK (Fig.5.6) &nd i

h=2, M =4, then the generated signal is QPSK (Fig.5.7). TthenM-ary pulse

generator model generates pulses according to [39]:
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b ost<t,
v, (t) =<av, (t)+b t, St<t, +t, (5.21)
b t,+t. <t<T

wherev,, is the input M-ary,ais the linear gain, and b is the parameter bigis. the
duty cycle, and, is the pulse position.

Thel andQ signals will pass through a quadrature modulatbickv implements a
quadrature analogue amplitude modulator the owigaial is modulated according to:
Vo, (t) = G[I (t)cod27 t + @) - Qt)sin(27£ t + )] + b (5.22)

where | andQare the input electrical signal§is the parameter gairpis the bias,
f.is the carrier frequency, angis the phase of the carrier, which WiMAX system is

considered in here as an example and the careiguéincy is 3.55 GHz .

Finally the modulated signal externally modulated tbe CW laser using MZM,

which is an intensity modulator based on an interfeetric principle. It consists of

two 3 dB couplers which are connected by two waidsgiof equal length. By means
of an electro-optic effect, an externally appliedltage can be used to vary the
refractive indices in the waveguide branches. Tiféerdnt paths can lead to
constructive and destructive interference at thguu depending on the applied
voltage. Then the output intensity can be modulatambrding to the voltage

The equations that describe the behaviour of thé/Nare [141]:
Eax (t) = B (t).codad(t)).exelj.adt)) (5.23)

whereAd(t)is the phase difference between the two branchissatefined as:

£6(t) = g.(o.s — ER(Modulation(t) - 05)) (5.24)
-1 et
ER=1-—.arcta (5.25)
T extrat
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andAg is the signal phase change defined as:

(1+sF
1-sF

—

Ag(t) = SC.A6(t) (5.26)

~—|

Where the parameter SC is -1 if negative signaipcisi true, or 1 if negative signal
chirp is false. extract is the extinction ratio, $ the symmetry factor, and
modulation(t) is the electrical input signal. THeatrical input signal is normalized
between 0 and 1.

Fig.5.8 and Fig.5.9 are shown the QAM 16-QAM and@¥M transmission block

diagram, respectively.
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The procedure is the same as BPSK and QPSK exoeQAM sequence generator,
which the bit sequence is split into two parallgsequence, each can be transmitted
in two quadrature carriers when building a QAM miatlor. This is achieved by using
a serial to parallel converter. The amplitude @f ttansmitting information signal can
vary by QAM sequence generator according to theécgosymbols. For each output
port, the amplitude takes one of the values froensét of amplitudes:
a=(2-1-M)i=12...M  where M =2"2 (5.27)

The equivalent QAM set is given by the squar®afThis means: Ih=4,M =4,
then we have a 16-QAM (Fig.5.8) , andhf=6,M =8, then we have a 64-QAM
(Fig.5.9).

These signals are used to indirectly modulate ©Wf laser via a MZM to convert

electrical signal to it optical version. CW Lasermperating at 193.1 THz wavelength
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(A,), CW Laser 2, operating at 193.2 THz wavelength)(CW Laser 3, operating at
193.3 THz wavelength A;), and CW Laser 4, operating at 193.4 THz wavelengt

(A,) are multiplexed and transported to the fibk@urFCW lasers were all generating

optical signals with 10 mW output power.

5.4.2 Receiver Block Diagrams
Figures 5.10-13 show BPSK, QPSK, 16-QAM, and 64 Qukkiver block diagrams.

The combined optical electric field is then congdrto optical power. The electrical

current at the output of photo detector is given by

(1) =i (t)+i (1) + 4 (1) + s (1) (5.28)
whereis(t)is the photo current and calculated from the respay r:

i.(t)=rr(t) (5.29)
where i, (t)is the thermal noise current calculated from thevgrospectral density
defined by the parameter thermal noise, gid the dark current.

The shot noise currem, (t)is calculated according to the power spectral dgnsi

(i@ +7) = s(f)expl2sifz)df (5.30)

where angle brackets denote an ensemble averageflogiations. The spectral

density of shot nois&(f ) is constant.

After the PIN diode the™ order Bessel filter have the following transfendtion:

d
H(s)=a—= (5.31)
By (s)
where a is the parameter insertion log¥, is the parameter order, and
dQ, = (2n) (5.32)

T 2VNI

138



Being a normalizing constant ar}, (s) an nth-order Bessel polynomial of the form:

By(s)=> d,s* (5.33)
where:
__ (eN-k)
<2V kI(N - K) (5:39)
and
S= j(Z—WbJ (5.35)

wheref_is the filter cut off frequency defined by the paeter frequency and is 3750

MHz and f,, denotes the normalized 3dB bandwidth and can bezjppated by:

f, =/@N-1)In2 (5.36)

To implement an analog demodulator a carrier géoers used to generate Q and |

guadrature components. The output signal is denatetliaccording to:

v, (t) =[Gv,, (t)cod27 t + @ ), (t) (5.37)

Vo(t) =[- Gv,, (t)sin(27 t + @ )] "h,,, (t) (5.38)
Wherevm(t)is the input electrical signat; is the parameter gain here is two. WiMAX
system is considered in here as an example fanaarrier frequency is 3550 MHz.

@.is the phase of the carrier, ahg, is the time response of the low pass filter.

M-ary threhold detector compares the electricahaligat a user-defined decision
instant with a list of threshold levels. The comgamn generates an index used to
generate the output amplitude.

With PSK sequence decoder we can vary the phaseighal according to the source

symbols. The phase values are taken from the seighés:
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) :(Zﬁﬂ(i —1)+qoj,i =12,...M whereM = 2" (5.39)

where his the number of bits per symbol and is equal &md 2 for BPSK (Fig.5.10)
and for QPSK (Fig.5.11), respectively apds the phase offset. The in-phase and the
quadrature channel will have amplitudes according t

|, =codg, )i =12,...M (5.40)

Q =sin(g,).i =12,...,M (5.41)

The PSK detector will calculate the valueiébr the phase of each signal ingut

o — arcta{%} (5.42)

k

(¢ - oM

21T

+1 (5.43)

and convert the valuesidb the equivalent binary sequence.
In the QAM sequence decoder, the bit sequence Ig Bpo two parallel
subsequences, each can be transmitted in two dueslrearriers when building a
QAM modulator. This is achieved by using a ser@lparallel converter. When
transmitting information, the amplitude of a sigman be varied according to the
source symbols. For each output port, the valubetmplitude takes value from the
set of amplitudes:

a=(2-1-M)i=12..M whereM = 2" (5.44)
The equivalent QAM set is given by the squareMaf This means;
ifh=4,M =4then it provides 16-QAM (Fig.5.12), andhit= 6, M =8then we have
64-QAM (Fig.5.13).
The QAM decoder calculates the valuei &r the amplitude of each signal inputs

given by:

140



i—(a +1+M)/2 (5.45)

The SC values off are then converted to at equivalent binary secgienc
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5.5Simulation Results
This section discusses the simulation resultshferconstellation and the eye diagrams

for BPSK, QPSK, 16-QAM, and 64-QAM. Also discussedhe crosstalk between
the channels. Figure 5.14 (a) and (b) show thetetiatson point and eye diagrams

for BPSK demodulator, respectively, where the E\$\ess than 3.5%.
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Figure 5.14 (a) BPSK constellation point diagram Fjure, and (b) BPSK eye
diagram

Figure 5.15 (a) and (b) show the constellation paind eye diagrams for QPSK

demodulator, respectively, where the EVM is lesstB.7%.

m
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Amgplitude (a.u.)

(a) (b)
Figure 5.15 (a) QPSK constellation point diagram, rad (b) QPSK eye diagram

Figure 5.16 (a) and (b) show the constellation paimd eye diagrams for 16-QAM

demodulator, respectively, where the EVM is lessth.2%.
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Figure 5.16 (a) 16-QAM constellation point diagram,and (b) 16-QAM eye
diagram
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Figure 5.17 (a) and (b) show the constellation pamd eye diagrams for 64-QAM

demodulator, respectively, where the EVM is lessth.5%.
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Figure 5.17 (a) 64-QAM constellation point diagram,and (b) 64-QAM eye
diagram

Table 5.2 shows the optical signal-to-noise rad&KR) at each channel. Almost all

the channels have the same OSNR at 50 dB.

Table 5.2 WDM OSNR

Frequency (THz) | Signal Power Noise Power OSNR (dB)
(dBm) (dBm)

193.1 16.84 -33.98 50.81

193.2 16.88 -33.97 50.85

193.3 17.46 -33.97 51.43

193.4 16.84 -33.97 50.81

Figure 5.18 (a-e) illustrate the spectrum of therfehannels before and after
demultiplexer. Figure 5.18 (a) illustrates the feahannel at 193.1, 193.2, 193.3, and
193.4 THz before demultiplexing. In Fig 5.18 (b tisolation of channel 1 at 193.1
THz with respect to other channel is illustratecheve the isolation between the

channel 1 and channel 2 is about 50 dB but thiatism is around 60 dB for channel
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3 and 70 dB for channel 4. Figure 5.18 (c) illustsathe channel isolation between
channel 2 and the others, where the isolation ahohl 2 with the adjacent channels
are close to 50 dB and with channel 4 is aroundBQT he isolation for channel 3 and
channel 4 are shown in Fig 5.18 (d) and (e) whighthe same as Figs (c) and (b)
respectively. The conclusion is that the isolatmetome higher as getting further

away from the original signal
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Figure 5.18 (a) Four channels WDM before multiplexag (b) channel 1 at 193.1
THz after demultiplexing (c) channel 2 at 193.2 THzafter demultiplexing (d)
channel 3 at 193.3 THz after demultiplexing, and {echannel 4 at 193.4 THz after
demultiplexing
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5.6 Linearization Performance in WDM System
This section explains the simulation procedurehaf WDM with four channels for

four different modulation scheme, BPSK, QPSK, 16MDANnd 64-QAM which the
overall block diagram has been shown in Fig. 5.E8edforward linearization
technique is implemented to the WDM system. The b modulated light signals
are multiplexed with the 100 GHz spacing in 1550namge. The multiplexed signals
after passing through 50 km SMF and amplifier veitgain of 20 dB is demultiplexed
and then demodulated. Finally, the system quaditpssessed by means of the BER

and the constellation visualizer.
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Figure 5.19 WDM block diagram with four different modulations and
feedforward linearization

5.7 Simulation Results
It can be seen that without the feedforward liresion there is FWM caused by the

two high power input signals modulating Laser 1 dmser 2. With feedforward
linearization, FWM is reduced by more than 29 dB.
The simulated spectra of the four modulated RFaigmdirectly modulated signal

with and without the linearizer are shown in Fig(.
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In Figs.5.20 (a) and (b), the carrier average gyo® the same in both spectrum (16
dBm), and the IMD is -11 dBc/Hz without the lineami and -40 dBc/Hz with the
linearizer, respectively. An IMD improvement of 28 is observed. Acomparison

between Fig.5.20 (a) and (b) show that there isawer penalty for transmission.

&7
‘ ‘ 11 dBc/Hz
- |
ST ﬂ
5y
E 4
8_
%_
1928 T 1931 T 1934 T 1937 T
Frenuenew (H7Y
(a)
40 dBc/Hz
g‘_
E
=]
=
ic]
ol
ug.j_- V
1928 T 1931 T 1934 T 1.93.?T
Frequency (Hz)
(b)

Figure 5.20(a): Signal spectrum before linearization, and (b):signal spectrum
after linearization
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5.8 Summary
This chapter described a brief introduction of WDightwave system and optical

networks such as wide area, metro area, and nudéss WDM networks. Then the
WDM system performance issues briefly was explaisech as hetero wavelength
linear cross talk, homo wavelength linear crodgs, i@oss phase modulation, and four
wave mixing. The multi modulation (i.e. BPSK, QPSKs-QAM, and 64-QAM)
system over fibre simulation model with the useWdDM was explained with the
detail block diagram in transmitter and receivardach modulation. The simulation
results have been discussed base on the consielfzdint, eye diagram, OSNR, and
spectrum for four channels. Finally the feedforwdirtkarization technique was

applied to this system which improved the harmalistortion more than 29 dBc/Hz.
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CHAPTER 6

Conclusion

6.1 Conclusion
The investigation of a radio-over-fibre distributicystem with feed-forward and

Predistortion feedback linearization of semiconduatptical amplifier (SOA) for
communication systems has been proposed. The dionlaerified these two
linearization techniques for single tone direct mlaton, two tone indirect
modulation and ultra wideband input to the optidate. These techniques uses the
ASE noise reduction in two loops of SOA by a feedafard and Predistortion
linearizer and is shown more than 6dB improvemexiso it was investigated
linearization for the SOA amplifier to cancel obetthird order harmonics or inter-
modulation distortion (IMD) or four waves mixinga this project, two channels have
been used and have seen more than 20 dB redudtitims spectral re-growth caused
by the SOA. Amplifier non-linearity becomes moreve@ with two strong input
channels leading to inter-channel distortion whadn completely mask a third
adjacent channel. A reduction of 20 dB in inter-mation distortion was achieved
with the feed-forward and Predistortion compensatidhe simulations were
performed utilizing optimum settings for the vat@bgain, phase and delay
components in the error correction loop of the fe@dard and Predistortion systems
and hence represent the ideal situation of a pefésd-forward and Predistortion
system. Therefore it should be consider that coxiyl@f circuit will increased due
to imperfect amplitude, phase and delay matchegragatical design. It was also

shown that the WDM architecture allows efficienstdbution of signals from the
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central station to the base stations and vice vérbBa limitation of transmission
distance for optical feed-forward and Predistortteensmitters are overcome. The
results suggest that Feedforward and Predistotiiearization allows successful
transmission of multiple channels in a wirelessrdilee system.

6.2 Future Work

The performance of the RoF access network usintyv@cé Defined Radio (SDR) in
a central base station (CBS) is one of the mostadeled technologies in the next
generation mobile communication. The relation betwoF and SDR technologies
mainly concerns the infrastructure part of the enriand future standards radio access
networks. For the deployment of current and thertutradio access networks, new
technologies like RoF and SDR can be used to aféster routing of new services,
simultaneous provisioning of different radio stami$aand flexible migration to the
future radio air interfaces. Innovative Researatvetbpment and proof of concept
will be sought in an end-to-end aspect, stretcliiagn user device all the way up to
base station end. System will provide a completeo$esimulation to associated
executable environments for multiple air interfagdsch will yield to flexible and
scalable infrastructure that optimize resource @sag

Here explained is a design of inter-working betweared and wireless as shown in
Fig.6.1. Enabling a design to operate on multipteirgerfaces will open up new
issues for future research on mobility managemenutsa different networks.

The key enabler is all RF transport technology tiaivers the full benefits of SDR to
all points within urban, suburban and rural serveeeas. This solution is an
application of the Outdoor Long Range Coverage tgwluand Indoor Short Range

Coverage Solution that are in use today in tradgidase stations [140].
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To meet the explosive demands of high-capacity larmhdband wireless access,
increase in the number of cells and utilizatiornigher frequency bands are proposed
which leads to a large number of base stations)(BSbe deployed; therefore, cost
effective BS development is a key to success inntlagket. In order to reduce the
system cost, HFR technology has been proposed gipcevides functionally using
simple remote antenna units (RAU) that are intemested to a central base station

(BS) via an optical fibre.

Network —
BS

Switching Radio  RF to Optic
Center  Units or Vice Versa
Interference

Figure 6.1 End-end network model

For long distance wired communication the fibresesudispersion and needed for the
amplifier, which add non-linearity to the systenheTsolution to this problem is to
implement the linearization technique. But preasatrol is required for the each
wavelength.

To serve users in the order of hundreds/thousamdarea of 5- 10 square miles need

to be covered which can’t be served from one ggliht. That is why; multiple split
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points in the architecture is needed thus leading multistage design. Two possible
architectures; Star and Ring are shown in Fig.6.@spectively.

The first structure is star topology, which hasieasnplementation but less coverage
and consists of three major parts as is showngn &il1l. First the remote antenna
unit (RAU) which has multi band antenna to covéraglpropriate frequency bands
and the electro-absorption modulator to convertdleetrical to optical signal and
vice versa. Optical part is the next block in thar stopology which the main
components are multiplexer, demultiplexer and @btemplifier, which has been
explained in the previous chapter. Finally the b&tation which consist of detector to
detect the optical signal, tuneable laser and tRecircuitry (filter, amplifier, LNA,
and so on), also this part has been described apteh 5. In up link each RAU
dedicate a wavelength to the multiple arrival fregey. This signal is sent to the
multiplexer and then to the optical amplifier. Thenplified signal is fed to the
demultiplexer and then to the detector. Finallydhextrical detected signal is filtered,
to distinguish the different frequency band and daenversion to the intermediate
frequency. For the down link the process is esthblil in the reverse direction as

shown in Fig. 6.2.
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Figure 6.2 RoF system design for up/down link (statopology)

The alternative structure is ring topology, by gesing demand on bandwidth, force
the service providers to the development of thearigurability of optical network
mainly relies on the integration of Reconfigural@®gtical Add/Drop Multiplexer
(ROADM) modules, which the simulation model hasrbskown in the next section.
A reconfigurable device such as, ROADM can be defias an optical module
capable of adding/dropping, or passing through resg) any or all wavelengths
present in the Wavelength Division Multiplexed (WPkIgnal. ROADM offers pay-
as-you grow capability and flexibility on the prewaning of wavelengths regardless
of how the network changes. It effectively alleemthe need for service provisioning
when new services are added to the network andsoéfesolute flexibility to the
service providers. By using ROADMSs, carriers camiee re-configurability on

wavelengths in every corner of their optical netwverstarting from the core to the
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small home network. They would be able to contmy set of wavelengths to be
added/dropped or forwarded to any part of theiwnek.

Figure 6.3 is shown the design of a ring architectuhich has N number of downlink
(DL) wavelengths, and N number of uplink (UL) wasmdfiths. One OADM node

consists of a DL, and an UL thus making a tota2@fodes channel in the network.
These 20 nodes channel are distributed in two roue as a main the other as
diversity. Each RAU with the dedicated wave lengih transmit to or receive from

the assigned OADM node pair (main and diversity).
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Figure 6.3 HFR system design for up/down link (ringopology)

Currently, there are ten’s of Wireless air inteemcavailable in global wireless
communication world. Each air interface has beseind drawbacks depending on
their application scenario. Here the converge is ardy the current but also the
legacy and next generation radio interfaces to meeghe over all system efficiency

in terms of ‘best connected and reconfigurable QalSo the low cost, fast data
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transmission on end user demand, 90% of serviceiqaxs have their backbone
based on optical fibre. Optical fibre provides hbbgedwidth and also higher capacity
to transmit. Fibre has a dedicated power sourdeysteploying several low cost and
simple RAU will result in less power transmissiaor fwireless devices to access
points (RAU). Instead of transmitting data to aebakation that could be at a distance
of 2 Km, devices can transmit it to nearest inethRAU and save huge battery power
saving.

The main task is to develop a simulation model wlifferent modulation, which will
facilitate the use of an important technology ie tiext generation systems with the
use of ROADM topology. Previous chapter has deedrithe WDM for different

modulation scheme by the use of the star topology.
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