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Abstract

For several years now, optical fiber communication systems are being extensively used

all over the world for telecommunication, video and data transmission purposes. Fiber

optics has made a revolutionary change in commercial telecommunications over the past

few decades. The demand for transmission over the global telecommunication network

will continue to grow at an exponential rate and only fiber optics will be able to meet the

challenge. Multimedia optical networks are the demands of today to carry out large

information like real time video services. Presently, almost all the trunk lines of existing

networks are using optical fiber. This is because the usable transmission bandwidth on an

optical fiber is so enormous (as much as 50 THz) as a result of which, it is capable of

allowing the transmission of many signals over long distances. However, attenuation is

the major limitation imposed by the transmission medium for long-distance high-speed

optical systems and networks. So with the growing transmission rates and demands in the

field of optical communication, the electronic regeneration has become more and more

expensive. The powerful optical amplifiers came into existence, which eliminated the

costly conversions from optical to electrical signal and vice versa.

Due to the need of longer and longer unrepeated transmission distances and ultra fast

broadband transmission, the advanced transmission schemes have to be investigated. So,

it is imperative to investigate into the feasibility of unrepeated transmission and ultra fast

broadband transmission over long distances. In order to achieve these goals i.e.

broadband and repeaterless transmission of an optical communication system, it is of

utmost importance to optimize the optical amplifier and have placement in optical

networks.

The semiconductor optical amplifiers (SOAs) have attracted much attention as they are

cost effective as compared to erbium doped fiber amplifiers for long haul optical

communication system. The semiconductor optical amplifiers (SOAs) have wide gain

spectrum, low power consumption, ease of integration with other devices and low cost.

But as gain saturation problem arises in multichannel optical system, it limits the system

performance.

This thesis is mainly concerned with the use of optical amplifiers (SOAs and EDFAs) in

multichannel wavelength division multiplexing (WDM) optical communication system
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and network. The aim of investigation is to increase the transmission distance, flexibility

and cascadability of optical networks by optimizing optical amplifiers (SOAs, EDFAs).

The cascaded utilization of the semiconductor optical amplifier (SOA) is not possible for

long transmission distance due to gain saturation problem which arises from cross gain

modulations (XGM), cross phase modulation (XPM) and four wave mixing (FWM) etc.

Therefore, these nonlinearities of SOA produce crosstalk and power penalty problems in

long haul WDM optical communication system.

In order to utilize the SOA for long haul WDM transmission link, the structural

optimization is performed by developing the SOA model based on the analysis for

multichannel WDM optical communication system. Therefore it is essential to optimize

structural parameters of SOA in order to reduce the power penalty and bit error rate

problem which arises due to gain saturation. The optimization is made by simulation of

multichannel WDM optical transmission link with cascaded SOA. The effect of amplified

spontaneous emission (ASE) noise is also minimized for adequate amplification factor. It

is observed that differential phase shift keying (DPSK) system has large capacity as

compared to on off keying (OOK) system by using cascaded optimizing SOA for 1050

km transmission distance.

The simulative optimization of confinement factor and differential gain is done for

reducing cross gain modulation of SOA for improving transmission distance at 40 Gb/s

and 80 Gb/s. The soliton RZ-DPSK WDM signals with high capacity up to 0.4 Tb/s is

transmitted up to a distance of 4550 km successfully by using optimized semiconductor

optical amplifiers with spectral efficiency of 0.4 bit/s/Hz. It is observed from the XPM

analysis that by increasing the carrier lifetime, width and thickness while reducing

confinement factor, differential gain and bias current in the SOA structure, mitigate the

crosstalk due to the cross phase modulations. It is shown that the SOA model obtained on

basis of XPM is attractive, when used as pre-amplifiers and in-line amplifier for long haul

links up to 5250 km for 10 × 40 Gb/s soliton DPSK WDM signals. These results provide

useful information for designing of long WDM transmitter links at higher capacity by

using low cost SOA.

The placement of SOA is investigated for long haul WDM and DWDM (dense

wavelength division multiplexing) transmission of RZ-DPSK signal. It is shown that post-

power compensation method is superior than pre- and symmetrical-power compensation

methods. By using optimum span scheme based on post-power compensation method, it

is possible to transmit ten channels at 10 Gb/s up to transmission distance of 68908 km
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for channel spacing of 100 GHz. Further by optimization of the optical phase modulator

bandwidth i.e. 5.5 GHz for 400 mA bias current, the maximum transmission distance

approaches to 17227 km for 10 × 10 Gb/s DWDM signals for channel spacing of 20 GHz

by using same optimum span scheme.

The improvement of receiver sensitivity and bandwidth of a SOA pre-amplifier model is

developed by reducing ASE noise extremely low i.e. 22.3 µW for 0.1 mW input power.

The minimum receiver sensitivity of -69.9 dBm is observed at BER floor of 4.6 × 10-10

for PIN receiver at 10 Gb/s. Also improvement of receiver sensitivity of -19.2 dBm and -

46.5 dBm is observed for PIN receiver and DPSK receiver at 40 Gb/s. It has been shown

that the gain variation increases with the increase of input light power and is also

observed that tolerance of input wavelength power is more than 100 nm. The SOA optical

pre-amplifier is found to be more relaxed from optical alignment and anti-reflection

coating and eliminates the need of optical filter.

Due to limited bandwidth of the SOA, there is requirement of EDFAs for larger

bandwidth optical communication system. We are using different approaches to gain

flattening in EDFAs without using additional components i.e. gain flattening filter,

dispersion shift fiber and periodic gratings etc. The gain flattening can be achieved by

connecting two EDFAs with opposite gain characteristic i.e. peak gain of first EDFA for a

given wavelength and another EDFA has a valley gain with same wavelength. The overall

power penalty can be reduced by using 3rd pre-amplifier EDFA. Therefore, by using gain

flattening approach, the maximum transmission distance up to 490 km can be achieved

for sixteen channels at 40 Gb/s with channel spacing of 200 GHz. Another approach by

using optical super Gaussian notch filter, the transmission distance is improved up to 504

km for 16 × 40 Gb/s WDM for non return to zero (NRZ) signals.

The wavelength converter leads to the increase the cascadability and capacity of future

optical networks. The nonlinearities of SOA like four wave mixing (FWM) and cross

phase modulation (XPM) is utilized for improving the performance of wavelength

converter based on FWM and XPM. The effect of FWM and XPM in SOA is improved

by structural parameter optimization of SOA. This can be done in such a manner that the

SOA never saturates and produces maximum FWM and XPM signals with minimum gain

fluctuations. It is shown that 50 nm up and down wavelength conversion is possible for

the NRZ-DPSK by using FWM in SOA. The Q factor improvement observed is 1.74 dB

for signal-to-pump ratio of -5 dB at 0 dBm pump signal for 50 nm up converter. Ten stage

cascaded wavelength conversion over 1302 km single mode transmission is possible for
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10 Gb/s NRZ-DPSK by using FWM in the SOA. The wavelength conversion based XPM

in the SOA-MZ1 configuration has wide band i.e. more than 15 nm up and down

conversions with conversion efficiency more than -9 dB. It is observed that high active

region length and bias current in the SOA leads to XPM in the SOA-MZ1 configuration.

The performance of optical communication network topologies i.e. bus, ring, star, and

tree is compared for 10 Gb/s DPSK signal in the presence of optimized SOA at minimum

signal input power. The bus network topology supported maximum 27 users. For ring

network topology, the maximum nodes are more than 29. The number of users supported

can be increased by decreasing splice and insertion loss in star network topology. It is

evaluated that tree network topology offers maximum numbers of users with minimum

utilization of optimized SOAs and optical couplers. Therefore, tree network topology in

the presence of optimized SOAs provided low cost solution for connecting metropolitan

area networks.

Therefore, this study establishes the optimization of optical amplifiers in the fiber optical

communication networks resulting in the revolutionary growth of internet traffic for

terrestrial fiber backbone networks. Also, the number of users and transmission distance

can be increased by improving the power budget or reducing the losses in the network by

using these optical amplifiers. Most of the research findings of this thesis have been

published in various international referred journals (Chapters 2, 3, 4, 5, 6 and 7) as per the

list at pages (237-238).
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Chapter 1

Introduction

1.1 Introduction

Information revolution implies that multimedia networks need high bandwidth for real-

time communication services. At present, optical fiber is the only transmission medium

offering such large bandwidth with low loss communication links. One of the foundations

of this information society is high capacity optical fiber communications, which has been

one of the fastest growing industries since the 1980s and is the key technology to fulfill

the demands for bandwidth for broadband systems. The early optical fiber had a very high

attenuation up to 1000 dB/km and could not be used for commercial fiber optical

communication systems. In 1970, the scientists at Corning Glass Works were successful

in producing a fiber with 20 dB/km loss which opened the doors for optical fiber

communications. Now a day, the optical fibers with losses up to 0.2 dB/km are

commercially available.

In fiber optic communication, there is degradation of transmission signal with increased

distance. By the use of optoelectronic repeater, this loss limitation can be overcome. In

optoelectronic repeater, optical signal is first converted into electric signal and then after

amplification it is regenerated by transmitter. But such regeneration becomes quite

complex and expensive for wavelength division multiplexing systems. So, to remove loss

limitations, optical amplifiers are used which directly amplify the transmitter optical

signal without converting it into electric forms. The optical amplifiers are used in linear

mode as repeaters, optical gain blocks and optical pre-amplifiers. The optical amplifiers

are also used in nonlinear mode as optical gates, pulse shaper and routing switches. The

optical amplifiers are mainly used for amplification of all channels simultaneously in

WDM light wave system called as optical in-line amplifiers. The optical amplifiers are

also bit rate transparent and can amplify signals at different wavelengths simultaneously.

The optical amplifier increases the transmitter power by placing an amplifier just after the

transmitter called power booster. The transmission distance can also be increased by

putting an amplifier just before the receiver to boost the received power. The optical

amplifier magnifies a signal immediately before it reaches the receiver called as optical

pre-amplifier.
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1.2 Principle of Optical Amplifiers

The interaction of light with matter takes place in discrete packet of energy or quanta

called photons. Atom exists only in certain discrete energy state, absorption and emission

of light cause them to make a transition from one discrete energy state to another state

and related to difference of energy E between the higher energy state 2E  and lower

energy state 1E as shown in figure (1.1). When photon energy E  is incident on atom, it

may be excited into higher energy state 2E through absorption of photon called

absorption as shown in figure (1.1a). As atom in energy state 2E  is not remain stable,

atom returns to lower energy state in random manner by generating a photon as shown in

figure (1.1b). This is called spontaneous emission.

The stimulated emission occurs, when incident photon having energy hcE ==  interact

with electron in upper energy state causing it to return back into lower state with creation

of second photon as shown in figure (1.1c), where h is Plank constant, c  is velocity of

light and  is the wavelength of light [Mynbeav and Scheiner, 2003]. The light

amplification occurs, when incident photon and emitted photon are in phase and release

two more photons. The continuation of this process effectively creates avalanche

multiplication and the amplified coherent emission is obtained.

To achieve optical amplification, the population of upper energy level has to be greater

than that of lower energy level i.e. 21 NN >> , where 1N , 2N are population densities of

lower and upper state. This condition is known as population inversion. This can be

achieved by exciting electron into higher energy level by external source called pumping.

1.3 Types of Optical Amplifiers

The optical amplifiers are classified on the basis of device characteristics i.e. whether it is

based on linear characteristic (Semiconductor optical amplifier and Rare-earth doped

fiber amplifiers) or non-linear characteristic (Raman amplifiers and Brillouin amplifiers).

Optical amplifiers are also classified on the basis of structure i.e. whether it is

semiconductor based (Semiconductor optical amplifiers) or fiber based (Rare earth doped

fiber amplifiers, Raman and Brillouin amplifiers).

1.3.1 Semiconductor Optical Amplifiers

The semiconductor optical amplifiers (SOAs) use the principle of stimulated emission to

amplify an optical information signal. The optical input signal carrying original data
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enters into the semiconductor active region through coupling. The coupling is required

because the mode field diameter of single mode beam is 9.3 µm while size of active

region is less in order of tenth of micrometers [Mynbeav and Scheiner, 2003]. The

injection current delivers the external energy to pump the element at conduction band.

The input signal stimulates the transition of electrons down to valence band and emits

photons having same energy and wavelength as the input signal, so the amplified optical

signal is obtained. The SOA is of two types; fabry-perot amplifier (FPA) and travelling

wave amplifier (TWA). The fabry-perot amplifier (FPA) configuration is same as fabry-

perot laser. In this, the light entering the active region is reflected several times from

cleaved face and is amplified as it leaves the cavity. The travelling wave amplifier is an

active medium without reflective facets. So that the input signal is amplified by a single

passage through active region. The practical active region without reflective facets was

made by covering the facets of semiconductor material by antireflection coating, tilting

the active region with respect to facet and by using buffer material between active region

and facet to reduce reflectance R  as small as 10-4 [Mahony et al.,1998].

The stimulating emission can dominate only if the condition of population inversion is

satisfied. For SOA this condition is realized by doping the p-type and n-type cladding

layer so heavily that the Fermi level separation the band gap under forward bias of p-n

junction. The rates of spontaneous emission, stimulated emission and absorption can be

written as

2ANRspon =

emstim BNR 2=

em
'

abs NBR 2=     (1.1)

Where A , B  and 'B  are constants. em is the spectral density of photons. Also, 2N  is the

atomic density of excited state. In thermal equilibrium, the atomic densities are

distributed according to Boltzmann statistics [Saleh and Teich, 1991], i.e.








 −
≡







 −
=

TK
hf

TK
E

N
N

BB

expexp
1

2     (1.2)

Where BK  is Boltzmann constant and T  is the absolute temperature. Since 1N  and 2N

do not change with time in thermal equilibrium, the upward and downward transition rate

should be equal

em
'

em NBBNAN 122 =+ (1.3)
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By using equation (1.2) in (1.3), the spectral density em becomes

( ) 







−

=
1exp

TK
hfBB

BA

B

'
em     (1.4)

The stimulated emission and absorption rates can be obtained in similar manner and are

given by

( ) ( ) ( ) ( )[ ] 21221 1 EEfEf
E

,EEBR emcvvc

c

stim ∂−∫
∞

=     (1.5)

( ) ( ) ( ) ( )[ ] 22121 1 EEfEf
E

,EEBR emcvcv

c

abs ∂−∫
∞

=     (1.6)

Where ( )2Efc  and ( )1Efv  are the occupation probability electrons in conduction and

valence bands. Also, ( )em  is the spectral density of photons and cv  is joint density of

the states (number of states per unit volume per unit energy) cE is the energy of

conduction band.

When injected carrier density in active layer exceeds a certain value known as

transparency value, population inversion is realized and active region exhibits optical

gain. An input signal propagating inside the active layer would then amplify as 




 gzexp ,

where g  is gain coefficient. In this g is proportional to absstim RR − . When g  is the function

of injected carrier density N , then peak value of gain pg  depends upon N  which is given

by empirical approach as

( ) ( )tp NNaNg −=     (1.7)

Where tN  is the transparency value of a carrier density and a  is called the differential

gain. Typical value of tN  and a  for InGaAsP amplifiers are in the range 1.0 –1.5 × 1018

cm-3 and 2 – 3 × 10-16 cm-3 , respectively  [Agrawal and Dutta, 1993].

The small signal gain is given by

( )( )to N/qI/Vg −=     (1.8)

Where  is the confinement factor,  is the differential gain, V  is the active volume, I

is the bias current, q  is the charge of electron  and tN  is the transparency carrier density.

Also  is carrier lifetime represents the total recombination time of charge carrier in

absence of stimulated recombination.
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(a)

(b)

(c)

Figure 1.1: Absorption, spontaneous emission and stimulated emission process.

Figure 1.2: Energy level diagram for different levels in doped fiber amplifier.
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It is defined as ( )NRR nrspon =+ , where N  is carrier density and nrR is nonradiative

recombination rate. sponR  and nrR  increase nonlinearly with N such that

32 CNBNANRR nrspon ++=+

Where A  is nonradiative coefficient due to recombination at defects or traps, B  is the

spontaneous radiative recombination coefficient, and C  is the Auger coefficient. The

carrier lifetime then becomes N dependent and it is obtained by using 2CNBNA ++= .

1.3.2 Fiber Amplifiers

The fiber amplifiers also act as power amplifier, repeater, and a pre-amplifier. The gain

medium comprises a length of single mode fiber connected to WDM coupler, which

provides low insertion loss at both signal and pump wavelength [Agarwal, 2001]. The

excitation occurs through optical pumping laser along with optical input signal within the

coupler. The stimulated emission process occurs inside the fiber gain medium. The

amplified optical signal is emitted from the other end of fiber made from heavily doped

ions depending upon type of fiber amplifiers i.e. rare-earth doped fiber amplifier, Raman

fiber amplifier and Brillouin fiber amplifier.

1.3.2.1 Rare Earth Doped Fiber Amplifier

Different rare-earth ions such as erbium, holmium, neodymium, praseodymium, thulium

and ytterbium can be used to realize fiber amplifiers operating at different wavelength

covering from visible to infrared region. In the rare earth doped fiber amplifier, erbiums

dopant in silica based single mode fiber is used and is called erbium doped fiber amplifier

(EDFA). A piece of fiber gain medium is an active medium that is heavily doped with

ions of erbium. In this, population inversion is stronger due to large number of erbium

ions that fall into level 2 from various upper levels as shown in figure (1.2). When the

optical information passes through such a highly populated erbium doped fiber, it would

stimulate transition of erbium ions from level 2 to level 1 and generates photon of same

wavelength, direction and phase as applied photon [Diagonnet et al.,1993].

The EDFA consists of three basic components: length of erbium doped fiber, pump laser

and wavelength selective coupler to combine the signal and pump wavelengths as shown

in figure (1.3). The optimum fiber length used depends upon the pump power, input

signal power, amount of erbium doping and pumping wavelength. Erbium doped fiber

amplifiers (EDFAs) can be extensively used in optical fiber communication systems due
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to their compatibility with optical fiber. It has low insertion loss, low crosstalk, high gain,

polarization insensitive and low noise figure [Desurvire et al.,1989]. An EDFA has a

comparatively wide wavelength range of amplification making it useful as transmission

amplifier in wavelength division multiplexing systems. Theoretically EDFA is capable of

amplifying all the wavelengths ranging from 1500 to 1600 nm. However practically there

are two windows of wavelength. These are C and L band. The C band ranges from 1530

nm to 1560 nm and L band from 1560 nm to 1610 nm. The semiconductor laser pumping

source at 980 nm wavelength has proved to be the best in terms of efficiency (more than

10 dB gain per mW pump power) and better noise performance [Giles and Desurvire,

1991]. It is typically evaluated that the noise figure lies in between 4-5 dB and efficiency

between 40-50 % for forward pumping. Similarly, the equivalent noise figure for

backward pumping is 6-7 dB and efficiency between 60-70 %. The pumping light

wavelength was 1480 nm for both case [Yoneda and Okshi, 1992]. But at this

wavelength, the population inversion is not strong as compared to 980 nm wavelength.

The praseodymium-doped fluoride fiber amplifier is similar to EDFA but operated at

1300 nm with noise figure 3-5 dB showing best performance.

Thulium-doped fiber amplifiers have extended transmission bandwidth of optical fibers

beyond the range available from the EDFA [Kasamatsu et al., 2001].

1.3.2.2 Raman Amplifier

Raman optical amplifiers differ in principle from EDFAs or conventional lasers in that

they utilize stimulated Raman scattering (SRS) to create optical gain. In this scattering,

some pump photons give up their energy to create other photons of reduced energy at a

lower frequency, the remaining energy is absorbed by silica molecules which end up in an

excited vibrational state. Here optical phonons participate in scattering process. The

principle can also be expressed by taking example of spring that is stretched from b to a.

if we put energy into the spring, the entire spring moves. Some energy however scatters.

This scattered energy is at a longer wavelength (lower power) which boosts signals at that

wave length throughout the fiber. Therefore, if we pump the power at 1450 nm with a

gain of 100 nm, signals at 1550 nm receive a boost in power.

The Raman scattering process becomes stimulated if the pump power exceeds a threshold

value. The SRS can occur in both forward as well as backward direction in optical fibers.

The beating of the pump with scattered light in these two directions creates a frequency

component at the beat frequency sp- , which acts as a source that derives molecular
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vibrations. Since amplitude of scattered wave increases in response to these oscillations, a

positive feedback loop sets in. The spectrum of the Raman gain depends on the decay

time associated with excited vibrational state. This decay time is 1 ns for gas or liquid,

resulting in a Raman gain band width of 1 GHz. In case of optical fibers the band width

exceeds 10 THz.

Figure (1.4) shows population inversion in Raman fiber. The broadband and multipeak

nature of the spectrum is due to the amorphous nature of glass. As a result, the stokes

frequency s can differ from pump frequency p over a wide range. The maximum gain

occurs when Raman shift ( sp- ) is about 13 THz. Another major peak occurs near 15

THz while minor peaks at 35 THz. The peak value of Raman gain is about 10-13 m/W at a

wavelength of 1 µm. SRS is especially useful because of its extremely large bandwidth.

Raman gain is used for compensating fiber losses.

Raman amplifiers are simple devices that use the intrinsic properties of silica fiber to

create amplification, enabling the transmission fiber to become a distributed amplifier

such that the gain in the fiber overcomes the loss of signal along the fiber. Raman

amplification is based on stimulated Raman scattering (SRS), a non-linear effect of

optical fiber in which gain is produced at lower energy wavelengths when excited (or

pumped) with higher energy (at approximately 100 nm shorter wavelength) light.

The position of the gain bandwidth within the wavelength domain can be determined by

selection of the pump wavelength. Thus, Raman amplification can be achieved in every

region of the transmission window of the optical transmission fiber and thus push a fiber's

capacity beyond C-band.

In the long haul space, we may replace existing erbium-doped fiber amplifier (EDFA) by

combination of EDFAs and distributed Raman amplifiers (DRAs). The DRAs deliver

broader and flatter gain spectrums with lower effective noise figure. These devices also

reduced eye closure and have higher tolerance to transients. Based on the advantages

above, DRA transmission is poised to grow as the next generation of long haul networks

gets funded. Additionally, since these amplifiers work well with EDFAs, they can be used

in conjunction with EDFAs to eliminate the number of amplifier sites and regenerators

needed.

A fiber based Raman amplifier uses SRS when an intense pump beam propagates through

it. The SRS is different from stimulated emission in one aspect, in this the incident pump

photon gives up its energy to create another photon of reduced energy at a lower
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frequency; the remaining energy is absorbed by the medium in the form of molecular

vibrations that is optical phonons. This occurs when a sufficiently large pump wave is co-

launched at a lower wavelength than the signal to be amplified. The Raman gain depends

strongly on the pump power and the frequency offset between pump and signal.

Amplification occurs when the pump photon gives up its energy to create a new photon at

the signal wavelength, plus some residual energy, which is absorbed as phonons

(vibrational energy) as shown in figure (1.5). As there is a wide range of vibrational states

above the ground state, a broad range of possible transitions provide the gain. Generally,

Raman gain increases almost linearly with wavelength offset between signal and pump

peaking at about 100 nm and then dropping rapidly with increased offset.

In Raman amplifier, standard single mode optical fiber can be used generally. The main

features of the Raman amplification were that it realized the continuous amplification

along the fiber, it is bidirectional in nature and offers more stability, insensitivity to

reflections [Senior, 1992]. The saturation optical power level was very high as it depends

on the pump power [Aoki et al., 1988]. The main disadvantage of this amplifier is that the

pump power requirement is relatively high in comparison to SOA and EDFA.

1.3.2.3 Brillouin Fiber Amplifier

The operating principle of this amplifier is same as the Raman amplifier except that the

optical gain is obtained by the stimulated Brillouin scattering (SBS). In this, each pump

photon creates signal photon and the remaining energy is used to excite an acoustic

phonon. The amplification occurs only when the signal beam propagates in the direction

opposite to that of the pump beam (backward pumping). Brillouin gain spectrum is

extremely small with bandwidth < 100 MHz [Senior, 1992]. The narrow bandwidth of

this amplifier makes it less suitable as power amplifier, pre-amplifier or in-line amplifier

in the light wave systems. This amplifier uses for channel selection by allowing

amplification of a particular channel without boosting other nearby channels as shown

figure (1.6).

1.4 Comparison between Optical Amplifiers

For SOAs and EDFAs, the gain is greater than 20 dB while for Raman fiber amplifiers

gain is restricted to lower values [Agarwal, 1992]. The SOAs need an electrical bias

supply at levels of around 50 mA while the supply requirement is much more stringent in

erbium and Raman fiber amplifiers because of the high pump power laser requirement.
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Figure 1.3: Typical Erbium doped fiber amplifier configuration.

Figure 1.4: Population inversion in Raman amplifier.

Figure 1.5: Energy states during SRS.
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The SOA gain spectrum depends upon the band gap of material used, bias current and

reflectivity of facets. The difference in signal and pump frequency (stokes shift) for SBS

(Brillouin amplifiers) is smaller by three order of magnitudes compared with SRS

(Raman amplifier) [Senior, 1992]. Inter modulation distortion and saturation induces

crosstalk in WDM systems which are negligibly small in fiber amplifiers as compared to

SOAs. For both SOAs and EDFAs, the saturated output power is typically a few

milliwatts. In Raman and Brillouin amplifiers, the saturated output power could be much

higher as it is limited only by pump power. The comparison characteristic and main

features of optical amplifiers are given in table (1.1) [Senior, 1992; Agarwal, 1992;

Mahony et al., 1998; Mynbeav and Scheiner, 2003]. Further, a representative gain

spectral curve is shown in figure (1.6).

1.5 Literature Review

The idea of doping optical fibers with rare earth ions to realize amplifiers was

investigated by Koestner and Snitzer [1964]. The first fiber amplifiers were pumped by

flash lamps and operated in a pulsed mode. In the mid-1980s, the group led by D.N.

Payne [Payne et al., 1987] at the University of Southampton, developed a technology of

rare earth ions deposition in single-mode silica fibers and the first EDFA was reported in

1987. The SOAs came into existence after generation of lasers in 1962 [Agarwal, 1992].

Both SOAs and Raman amplifiers were developed for practical use in 1980. The fourth

generation of light wave systems made use of optical amplification for increasing repeater

spacing and bit rate of wavelength division multiplexing systems. In most WDM systems,

fiber losses were compensated periodically by using erbium doped fiber amplifiers spaced

60-80 km apart and amplifiers became commercial by 1990. The current emphasis of

WDM light wave systems increased the system capacity by amplifying all channels by

using single amplifier covering spectral region from 1.45 to 1.62 m. Bergano et al.

[1996] successfully demonstrated transmission of 640 Gb/s over 7200 km by using a re-

circulating loop while Vareille et al. [1999] demonstrated the transmission capacity of

340 Gb/s over 6380 km on a straight-line test bed. Erwin et al. [2001] demonstrated

24,000 km transmission of dispersion-managed solitons at 40 Gb/s. The optical amplifiers

have become an integral part of almost all fiber-optic communication installed after 1995.

Upgradation of existing system is required for their excellent performance characteristics

such as low insertion loss, high gain, large bandwidth, low noise and crosstalk,

input/output signal levels.
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1.5.1 Nonlinearities in Optical Amplifier

There are so many nonlinear effects present in the optical amplifiers which restrict it to

use for various applications in optical communication systems even the gain bandwidth

product of optical amplifiers are quite high. There are nonlinearities in the optical

amplifiers such as gain saturation, four wave mixing, cross gain modulation and phase

noises which effect the optical communication system.

1.5.1.1 Gain Saturation

The power of the signal is increased with the increase in active region length of SOA.

When power becomes too high, the gain coefficient starts to decrease, thus reducing the

power of the signal undergoing amplification. This effect is called the gain saturation.

This effect due to high optical power involves all electrons from the conduction band so

that a further increase in the number of external photons will not stimulate any further

transition of electrons down to valence band. Hence, it will not produce additional

stimulated photons. In gain saturation of SOA, g  is reduced when P  becomes

comparable to saturation power sP

s

o

P/P
g

z
Pg

+
=

∂
∂

=
1

Where og  is the small signal gain. P is input signal power and sP  is the saturation power.

1.5.1.2 Four Wave Mixing and Cross Gain Modulation

In WDM networks, several channels amplify simultaneously so that the crosstalk may

take place between the channels. Two type of crosstalk occur in SOAs; Interchannel and

cross saturation. Interchannel crosstalk occurs when two wavelength channels enters a

SOA. There is a nonlinear interference producing new signals at beat frequencies and

they are amplified more as compared to the original signal. This effect is called as four

wave mixing in the SOA. The cross saturation occurs when SOA works in saturation

mode and channels change from ON to OFF, the gain undergoes opposite change. This is

called as cross gain saturation or cross gain modulation (XGM) in the SOA. This change

in gain results in variations in the amplification of another signal because again, all

signals share the same gain produced by one active medium. This change depends upon

the rate of gain variations which follows input bit rate. For SOAs, the carrier lifetime is

around 1 ns. All bit rates less than 1 Gb/s will cause severe crosstalk [Mynbeav and

Scheiner, 2003]. While in EDFA, the crosstalk is not important because the carrier
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lifetime is about 10 ms, it means bit rate above 100 kHz will not cause crosstalk. To

reduce crosstalk in the SOA, it is desirable to increase the saturation power and decrease

the lifetime of carriers. The RZ differential phase-shift keying (DPSK) modulation format

has attracted intense research interests [Xu et al., 2003] as the signal power is constant for

this format, so this format is applied to SOA-based WDM transmission link as it reduces

the cross gain modulation (XGM) effect accordingly.

The intensity of noise is suppressed by a gain saturated SOA in spectrum-sliced WDM

system [Zho et al., 2002]. The high noise suppression ratio and large bandwidth were

obtained by increasing the bias current of saturated SOA. For optimum operation of the

SOA, an increase in gain of 13.5 dB was obtained for intensity-noise limited system at bit

rate of 2.488 Gb/s.

1.5.1.3 Polarization Sensitivity of SOA

The gain of the SOA is polarization dependent due to the rectangular shape and crystal

structure of the active region. The gain of SOA was varied from 5 to 7 dB due to

polarization [Agarwal, 1992]. Olsson et al. [1987] investigated to reduce the polarization

dependence in the SOA. It was required to make active region square in cross section,

connecting two SOAs in series or in parallel to compensate for the orthogonal

polarization unequal gain. A double pass of signal through the same active region was

also reducing the polarization dependent gain. Hence, polarization dependent gain was

reduced to 0.5 dB for the SOA. The optical amplifier magnifies the signal noise along

with the signal and also generates its own noise. The noise figure for the SOA was 6 to 9

dB [Agarwal, 2001]. Morito et al. [2003] have setup the SOA module which exhibited a

high saturation output power of +17 dBm together with a low noise figure of 7 dB, large

gain of 19 dB, and low polarization sensitivity of 0.2 dB for optical signals of 1550 nm

wavelength.

1.5.1.4 Phase Noises of SOA

The variations of intensity of an optical signal in the SOA medium change the refractive

index of the SOA. This variations of the refractive index lead to a nonlinear phase shift of

the signal, giving rise to self phase modulation (SPM). Wei et al. [2005] reported that

phase noise impact is less at higher bit rates. They suggested that saturated induced SPM

can be significantly reduced by increasing the bit rate and carrier lifetime of the SOA for

single channel DPSK signal amplification. The phenomenon in which the variations of
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intensity of one optical signal can change the refractive index of the SOA and modulate

the phase of other optical signals co propagating in the same SOA is known as cross

phase modulation (XPM). This effect did not discuss in earlier literature for the SOA.

Optical noise in an EDFA is termed as ASE (amplified spontaneous emission). The actual

signal degradation came from beating signal generated at noise-noise and noise-signal

interference [Mynbeav and Scheiner, 2003]. The noise-to-noise beating can be removed

by using narrow band filter. The noise is also higher for counter propagating pump

system. The splicing loss occurs due to the mismatch of core diameter of single mode

fiber i.e. 8 and 10 µm and the core diameter of erbium doped fiber varies i.e. 2.8 to 5.2

µm [Senior, 1992]. The noise figure for the EDFA was 3.5 to 9 dB less than that of the

SOA. There are several techniques used to flatten the gain of EDFA.

1.5.2 Gain-Bandwidth of Optical Amplifier

The gain bandwidth product of the optical amplifiers must be large for optical

communication system in order to transmit of multimedia information signals. The FPA

exhibits peak gain called gain ripple at resonance and gain can be increased with increase

in reflectance. In the case of FPA, reflectance can be increase up to certain limit. If R =0

in the FPA, then gain of amplifier is gain of the TWA. To achieve high gain in the TWA,

it was required to make an active region long enough. Therefore, gain saturation problem

is existing in the TWA. The bandwidth of the FPA is small but gain is large. The TWA

has larger bandwidth but smaller gain. The bandwidth for FPA was 0.0086 nm and

bandwidth of TWA was 40 nm [Mynbeav and Scheiner, 2003]. The FPA construction is

also complex and costly as compared to the TWA construction. Jennen et al. [2001]

developed the SOA model that shown accurate result for both single channel and WDM

transmission at low saturated levels. Jennen et al. [2001] noted that the SOA used had

minimal signal gain of 12 dB, a noise figure of 10 dB and a saturated output power of 12

dBm. Bjorlin and Brower [2002] demonstrated experimental setup showing that the noise

figure was strongly affected by the reflectivity of the mirrors. The signal’ s spontaneous

beat-noise on enhancement (( ))  could be eliminated by choosing proper mirror

reflectivities. The highest power of SOAs that had been reported to posses is sP

(saturation power) values of +17 dBm for single polarization device [Dagenais et al.,

2003]. Therefore, SOA can be utilized for transmission of small number of channels.
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Due to limited bandwidth of SOA, the fiber amplifiers are used for broadband optical

communication systems. The erbium doped fiber amplifiers are very attractive because

they operate in the wavelength region near 1.55 µm, in this region the fiber attenuation is

minimum [Agarwal, 2001]. The EDFA amplified simultaneously all channels when a

WDM signal was amplified. The shape of the gain spectrum was affected by the

amorphous nature of silica and by presence of other codopants within the fiber core such

as Germania and Alumina. The EDFA whose core was doped with Germania, its gain

spectrum is quite broad and has a double-peak structure [Pederson et al., 1991]. The gain

bandwidth of such codopants EDFA typically exceeds 35 nm. The gain of EDFA depends

upon erbium-ions concentration, amplifier length, and core radius and pump power

[Agarwal, 2001]. The gain of modern EDFA range from about 20 dB to 40 dB depending

on as they act as a booster or a pre-amplifier as noted by Diagonnet et al. [1993]. The

Raman amplifier exhibited advantages of self-phase matching between pump and optical

signal together with a broad gain- bandwidth. Aoki et al. [1988] investigated Raman gain

of 20 dB for silica fiber with broad spectral bandwidth of up to 40 nm by using suitable

doping of fiber.

1.5.2.1 Gain Flattening

Gain depends upon the wavelength of the input signal and is restricted by the width of

radiating energy bands. Actually gain curve fluctuates between 1530 and 1560 i.e. there

are two peaks at these frequencies as shown in figure (1.6) and hence is highly

undesirable. We should have a flat gain for the range of operating wavelength i.e. 1530-

1560 nm and 1560-1610 nm. This property of EDFA amplifier is called gain flatness.

Various filters are designed to flatten the gain in these ranges.

The gain clamping is the fixed drop in gain from fluctuating gain to achieve stable gain.

Giuliani and Alessandro [2000] proposed gain clamped SOA which offered advantages

over the conventional SOA. They found that the response of the SOA was linear and

suffer less from crosstalk related effects. Gain clamping was achieved by fabricating two

distributed Bragg (DBP) mirrors on both ends of the amplifier [Wolfson et al., 1998;

Giuliani and Alessandro, 2000]. For the SOA in TWA fashion, reflections must be

avoided which leads to an implementation with angle strip and facet antireflection coating

[Kelly et al., 2000].

Bononi and Barbieri [1999] designed a gain-clamped DFA (distributed fiber amplifier)

for the selection of pump power, laser wavelength and laser cavity loss with specific
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number of WDM signals, power per channel and gain. In eight channels WDM

transmissions by using gain clamped DFA, 12 dB gain was required for -3 dBm input

signal power per channel. It was found that a pump power of 21.5 dBm and a laser placed

at 1530 nm ensured a worst-case over shoot less than 0.25 dB.

Cockrane et al. [1990] noted in the EDFA that the gain was the function of wavelength

and two-fold gain fluctuates at 1530 and 1560 nm as shown in figure (1.6). The EDFA

gain was flattened by using various methods to obtain good gain bandwidth product. A

combination of several long periodic fiber gratings were acting as the optical filter which

can flatten the gain within 1 dB over the 40 nm bandwidth in wavelength range of 1530-

1570 nm [Wysocki et al., 1997].  The notch filter was used to flattening of gain over

wavelength with length of active fiber ranging from 20 to 50 meters as optimal length.

The gain also depends upon the pumping power for population inversion. A noise figure

of 3.2 dB was measured in 30 m long EDFA which is pumped at 0.98 m with power of

11 mW [Ono et al., 1999]. When this EDFA amplifier was cascaded in two stages, a flat

gain of 0.5 dB was achieved at wavelength range of 1544-1561 nm. Ono et al. [1999]

demonstrated the gain flattening technique by using passive filter-based method. The

optical filter when placed before the amplifier increased the noise while placing it after

the amplifier reduced the output power.

Zimmerman and Spiekman [2004] studied various gain flattening methods such as the

hybrid Al-codoped and Al/P- codoped EDFAs, the gain equalizer filters and hybrid

Raman and EDFAs by gain simulation of the amplifier. They found that the utilization of

gain equalizer filter was the most applicable technique for gain broadening of the EDFAs

but the hybrid Raman amplifier and EDFAs had the maximum accessible bandwidth

without any power consumption in optical filter.

Therefore, there is need to optimize the SOA for reducing amplified spontaneous noise

power, gain saturation in optical communications for improving gain and bandwidth.

1.5.3 Optical Amplifiers in Long Distance Communication and Ultra high

Capacity

At present stage, there are two competing technologies that allow increasing the overall

data rate in an optical link, time division multiplexing (TDM) i.e. higher bit rate per

channel and wavelength division multiplexing (WDM) i.e. more channels per channel per

fiber. As an example, 10 Gb/s line or by using four channels at different wavelengths,

each operated at 2.5 Gb/s or with 16 channels running at 622 Mb/s. The higher the total
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data rate, the more difficult the system design will emerge due to the electronic

bottleneck. On the other hand, it is easier to achieve high link capacity with WDM system

than with a single wavelength system operated at higher bit rate. This comes out to be

cost effective solution for providing broadband optical communication systems and

networks.

The group velocity dispersion (GVD) [Faquir Jain, et al., 2001] is an undesirable, but

unavoidable characteristic of the fiber i.e. light pulses broadens in time as they propagate

through it. Its effect is to place an upper limit on the information capacity of the

communication systems. The performance of broadband optical communication systems

and networks can be improved by higher order dispersion compensation by differential

time delay with enhanced bandwidth and transmission distance [Sharma et al., 1997,

1998, 2000]. The optical filter design was based on thin-film interface for multichannel

optical communication system at 1550 nm [Sinha et al., 2003]. This will make small size

of overall system.

The SOA is used as a functional device in the area of long haul optical communication.

The nonlinearities in optical amplifiers i.e. ASE  noise power, gain saturation, cross gain

modulation (XGM), four wave mixing (FWM) and cross phase modulation (XPM) limits

its use for long distance optical fiber communication as an in-line amplifier. It also shows

limitation for use as pre- and booster amplifiers.

Olsson et al. [1989] demonstrated coherent detection system at 400 Mb/s up to distance

of 372 km using four in-line amplifier transmissions with penalty of 1.5 dB. Various

researches reported solution to overcome the problem in saturation region. Choi et al.

[2002] reported 8 × 10 Gb/s transmission over 240 km. Spiekman et al. [2000] reported 8

× 20 Gb/s transmission over 160 km with SOAs span of 47.9 km, by optimizing

transmission system design parameters. Spiekman et  al. [2003] reported 8 × 40 Gb/s

transmission over 160 km.  The SOA is used for in-line amplification of both single and

multichannel systems. The SOAs are used as functional device in the area of long-haul

optical transmission demonstrated [Jennen et al., 2001].

Xu et al. [2003] reported 8 × 40 Gb/s transmission over 160 km. Kim et al. [2001]

demonstrated 4 × 10 Gb/s transmission over 500 km by using SOA as in-line amplifiers

with wavelength modulation technique. Sun et al. [1999] reported error free transmission

of 32 × 2.5 Gb/s DWDM (dense wavelength division multiplexing) channels over 125 km

by using cascaded in-line semiconductor optical amplifiers.
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Xu et al. [2004] reported a dispersion management scheme for reducing SOA induced

crosstalk in WDM links up to distance 420 km with 70 km SOA spacing to carrying 100

Gb/s WDM RZ-OOK (return zero on-off keying) signals. In conventional on-off keying

(OOK) modulation format (such as non return to zero and return to zero etc.), the cross

gain modulation (XGM) effect of SOA limits the transmission performance of the WDM

system [Choi et al., 2002]. As RZ-DPSK signals are more tolerant to cross gain

modulation in SOA than OOK signals [Cho and Khurgin, 2003]. The RZ differential

phase-shift keying (DPSK) modulation format has attracted intense research interests

[Xu. C et al., Apr. 2003] as the signal power is constant for this format, so this format

applied to SOA-based WDM transmission link reduces the cross gain modulation (XGM)

effect accordingly. In addition, RZ-DPSK could provide 3 dB reductions in required

received OSNR for given bit error rate (BER) [Xu. C et al., Apr. 2003].

Onishchukov et al. [1999] reported the error-free transmission of single-channel DBPSK

(differential binary phase shift keying) format at 1300 nm over 500 km using SOA as in-

line amplifier. Li et al. [2004] reported the transmission of 8 × 10 Gb/s signals over 1050

km by using cascaded SOAs and the DPSK modulation format with 400 GHz channel

spacing.

Zimmerman and Spiekman [2004] demonstrated transmission of 32 WDM channels

modulated at 10 Gb/s across four SOAs as in-line amplifiers with the spans of 40 km

standard fiber. They observed an optical signal to noise ratio (OSNR) of 20 dB, an

average Q factor of 16.8 dB for optimum gain. Also the cross gain modulation distortion

due to gain compression in SOAs deteriorates the quality by 1.2 dB. The BER was less

than 10-11 for all channels.

For long distance with high capacity, the amplification is done with L-band EDFA. The

L-band EDFA doubles the capacity of WDM transmission system. Rotwitt et al. [1993]

noted the spectral gain profile leading to a reduction in bit error rates due to timing jitter

of the arrival times of the signal pulses. They found reductions in bit error rates up to 4

dB in transmission lines of 9000 km length with signal wavelength of 1534 and 1554 nm.

At 1554 nm, there is a need of insertion of additional components in order to reduce

propagation of amplifier spontaneous emission noise. An optimum relation between the

pulse width and fiber dispersion showed that optimum system operation will always be

limited by timing jitter. The bit rate distance product was 55 Gb/s.Mm.
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Figure 1.6: Typical gain curves for various optical amplifiers.

Table 1.1

 Comparison of optical amplifiers (NA: not applicable).

Property SOA EDFA Raman
Amplifiers

Brillouin
Amplifier

Unsaturated device gain >20dB >20dB 5 - 15dB >25dB

Optical pump   power NA 20 – 50mW 100 – 200mW <10mW

Optical pump
 wavelength

NA 820nm, 980nm
1400 – 1500nm Stokes shift below signal

Electrical bias current 50mA >100mA >500mA <50mA

Wavelength of operation any 1525 – 1565nm Any, but subject to pump

Bandwidth 20 – 50nm 10 – 40nm 20 – 40nm 0.001nm

Coupling loss 5 – 6dB <1dB <1dB <1dB

Polarization sensitivity > few dB 0dB 0dB 0dB

Saturated output > few mW few mW Limited only by pump power

Directions bidirectional bidirectional bidirectional unidirectional

Noise low low Very low Very low
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When ASE seeding is applied by feedback reflector at the input end to reduce ASE then

gain improvement of 6 dB was noted in single wavelength operation at 1588 nm, [Nilson

et al., 1998].

An expression was derived for the exponationed approximation of the power transients in

a single EDFA for the evolution of 1 dB transient response times. Tancevski and Rush

[1998] presented a numerical simulation of a realistic point-to-point optical

communication links involving twenty channels WDM transmission through the cascaded

35 amplifiers. Tancevski and Rush [1998] found that an L-band EDFA required long fiber

lengths (> 100m) to keep the inversion level low in wavelength range of 1570-1610 nm.

Hwang and Cho [2001] demonstrated two stage designs for WDM system. The first stage

pumped at 980 nm for short length of doped fiber and the second stage using bidirectional

pump at 1480 nm with long doped fiber (200 meters). An optical isolation was used

between these stages, which passed ASE from first stage but blocked the backward

propagation of ASE into first stage.

Zimmerman and Spiekman [2004] investigated fibers having peak absorption greater than

30 dB/m while maintaining the pumping efficiency and satisfactory noise performance.

These fibers allow shortening of the fiber by as much as 3 times as compared to standard

EDF that is optimized for the DWDM.

Raman amplification, combined with EDFAs increased the maximum reachable distance

and the span length. Raman amplification was also used to substantially reduce the impact

of fiber nonlinearities [Carena et al., 2001]. There were many recent developments in the

DWDM (dense wavelength division multiplexing) at 40 Gb/s transmission over distance

up to about 9000 km. Rasmussen et al. [2004] demonstrated error free DWDM

transmission of 40 channels at 40 Gb/s with 100 GHz spacing over a regenerator distance

of 10,000 km. It was possible by using the CSRZ-DPSK (carrier sense return to zero

differential phase-shift keying) enhanced FEC and all Raman amplified span with 100

km. So, bit rate-distance product of 400 Gb/s was noted. Table (1.2) shows the major

progress of long distance transmission by using cascaded optical amplifiers during last

years.

1.5.4 Sensitivity of Optical Receiver with Optical Amplifiers

Among a group of optical receivers, a receiver is said to be more sensitive if it achieve the

same performance with less optical power incident on it. The performance criterion for
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digital receivers is depending upon bit error rate. Therefore, it requires the improved

receivers sensitivity and bandwidth for greater transmission capabilities.

The APD (avalanche photodiode) receivers give a high sensitivity of -29.5 dBm at 10

Gb/s and has advantage over the PIN receivers at bit rates up to several Gb/s [Kasper,

1987], but at higher bit rates, the gain bandwidth product of APD has limited sensitivity.

PIN receivers offer a greater potential bandwidth but a poorer sensitivity [Gimlett, 1988].

The optical pre-amplifiers have been used for improvement of receiver sensitivities of

optical receivers by placing them before photodetector. The work regarding receiver

sensitivity was first reported with -37.2 dBm by using EDFA (erbium doped fiber

amplifier) at 10 Gb/s [Saito et al., 1991] and -38.8 dBm by using two-cascaded EDFA

[Gnauck and Giles, 1992].

The SOAs have advantage of having low cost and are compact as optical pre-amplifier in

comparison with EDFAs. Olsson et al. [1989] demonstrated the SOA pre-amplifier

receiver with sensitivity of -34.3 dBm at 4 Gb/s without any optical filter. Dreyer et

al.[2002] reported an improvement in receiver sensitivity of -32.5 dBm at 10 Gb/s by

using high gain SOA with polarization sensitivity of 1.1 dB ± 0.4 dB followed by a 0.6

nm optical filter. SOA optical pre-amplifiers are used in 40 Gb/s optical networks, where

APD cannot be used. Mason et al. [2002] demonstrated a receiver sensitivity of -17 dBm

at 40 Gb/s by using SOA-PIN integrated receiver excluding an optical filter.

Yamatoya and Koyama [2001] proposed an optical pre-amplifier using an inverted-ASE

signal from a saturated SOA, which has an advantage over conventional SOA optical pre-

amplifiers i.e. relaxed requirement on anti reflecting coating, fiber alignments of an SOA,

optical narrow band pass filter and tolerance for a wavelength of input signal light.

Yamatoya and Koyama [2004] demonstrated the minimum receiver sensitivity was -32.7

dBm with including 0.1 nm optical filter by using pre-amplifier which has optical gain

bandwidth over 60 nm and also ASE power was 267 W for input light power 10 W.

1.5.5 Optical Amplifiers in Broadcast Networks

The broadcast networks can be classified as active or passive networks. When the signal

is optoelectronically regenerated or amplified, the network is active broadcast network

otherwise it is passive broadcast network. Ethernet and token bus are the examples of

passive broadcast network, while token ring is an active broadcast network. In passive

broadcast networks, the transmitted optical power is spilt for distribution among the

receivers [Gerla and Fratta, 1988]. Therefore, increase in the number of users implies that
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each receiver will get reduced amount of optical power for fixed transmitted power level.

These reductions in received optical power level will worse the receiver performance. To

keep the receiver performance acceptable, the number of users has to be limited.

Therefore, we require the optical amplifiers to keep same number of users with acceptable

performance of receiver.

Optical multiplexing and switching technique was used for increasing the capacity

[Marrakchi and Dekker, 1994]. In wavelength division multiplexing system optical

spectrum is sliced in multiple channels. These channels are centered at different

wavelength due to which information does not interface with each other. Implementation

of WDM system requires couplers, wavelength multiplexer and demultiplexers, tunable

or fixed wavelength source and detector capable of operating over the entire wavelength

range. As implementation of encoders/decoders and time division multiplexers/

demultiplexers at Tb/s is very difficult in TDM and CDM (code division multiplexing),

the WDM implementation was easily possible and provided large bandwidth. The

complexity of switched network can be avoided by using broadcast network topologies

[Brackett et al., 1990].

Many issues were taken into care for implementation of WDM broadcast networks. In

WDM, the system must have large number of users in topology to utilize the available

bandwidth [Green, 1993]. The number of fibers used in network topology must be

minimum. The transmitter to receiver loss is minimum in the topology, so that the number

of users supported can be increased. Also, minimize the number of couplers, multiplexers,

transmitters, receivers and optical amplifiers, input power in the topology. The optical

network advancement will need to integrate on photonic chip for low power requirement

[Fiddy M., 2005]. A step towards this requirement was achieved by using artificial

material for optical switches and buffers.

Huang and Jain [2004] reported that the performance of integrated InGaAs-InP quantum

wire laser modulator is superior over quantum well laser for 1550 nm. Similarly, the post-

amplifier implies that OA (optical amplifier) is used just after the transmitter. It is also

possible that OA is integrated with the source to form a high power optical source. In this

application, OA with high saturation power is desirable to reduce the effect of gain

saturation. The DFAs (doped fiber amplifier) can be used for this application because of

their high saturation power level [Rottwitt et al., 1993] but such a high power optical

source would be bulky. When OA is used as pre-amplifier, it is placed just before the

receiver. This can also be integrated with the receiver to form a high sensitivity receiver
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module. The OA in this application produced low noise. The in-line amplifiers were used

in the optical fiber link itself. The DFA (doped fiber amplifier) are better for this

application because these can be easily spliced but it is more expensive than the SOA.

1.5.6 Placement of Optical Amplifiers and Related Issues in Optical Networks

The placement issue of optical amplifiers will estimate the number of users and

transmission distance in the optical communication systems and networks. Earlier, the

broadcast optical networks support very few users (   64 users) [Chenet al., 1992]. It is

also reported that the receiver performance of optical network was varied with or without

using optical amplifiers. In absence of OAs, the Gaussian filter in the receiver reduced

noise by removing noise outside the frequency band of interest and increased the

bandwidth resulting in reduction of inter symbol interference[Blahut, 1983].

The optical amplifier can be used in passive broadcast networks for increasing the

number of users supported. The optimal utilization of OAs can be achieved by (i) proper

placement of OAs in a given network topology (ii) Modifying the existing topologies to

utilize the OAs effectively. Wagner et al. [1987] implemented the bus topology in optical

fiber network and supported limited number of users (typically < 24) [Wagner et al.,

1987]. This was due to non uniform distribution of power among users. So the optical

amplifier can be used to keep the distribution of received power level uniform. This

results in increase in number of supportable users. The use of SOAs in single channel bus

network makes uniform distribution users.

Dual bus topology was used for implementation of distributed queue dual bus

metropolitan area network (MAN). There was limited number of nodes supported by

network. Koai and Olshanshky [1993] proposed photonic dual bus by using OAs (with

unsaturated gain of 12 dB and saturation power level of 4 dBm). This photonic dual bus

supported 100 nodes spanning hundred of kilometers with OAs and suitable for wide area

network or MAN.

Optical fiber has been used for connecting consecutive nodes in rings. Ross et al. [1986,

1989] proposed fiber distributed data interface (FDDI) which is a ring network designed

with fiber. The passive optical rings can provide high reliability because failure of node

does not break the ring. But these have power budget problem limiting the number of

nodes used. This problem can be overcome to a great extent by using optical amplifiers.

Goldstein et al. [1991] proposed a passive ring which had distributed erbium doped fiber
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amplifier. The 300 km ring at 2.5 Gb/s can not support a single user without an amplifier

but 450 users can be supported with the distributed amplification [Goldstein et al., 1991].

In the star topology, optical power is equally distributed at output ports. Therefore, it can

support the maximum number of users without OAs as compared to any other topology.

Chen et al. [1992] reported that the number of users supported by star is small (typically

<64). Many modified topologies which use star coupler and OAs has been proposed

[Irshid and Kaverhrad, 1993; Chen et al., 1992; Chen and Guo, 1994]. These topologies

can support higher number of users as compared to passive star topology. The star

topology can be either tranmissive or reflective star or both. In reflective star coupler,

input and output port were same. The user transmits the signal in given port and receives

the signal from the same port for other users [Duthie et al., 1987]. The propagation

direction of transmitted and received signals were opposite in the port. Chen et al. [1992]

proposed two schemes of distributed reflective star coupler which used erbium doped

fiber amplifiers (EDFAs). In the first scheme, m numbers of mm ×  star coupler were

used. This implementations of mm × coupler required 4m EDFAs and

( ) ( )4log246 2 mmm + number of 2×2 couplers. Therefore, the reflective star made

up of m number of mm × star coupler could support 2mN u ==  number of users. In

second scheme, 2 m number of mm × coupler were used to implement a distributed

reflective star coupler which could support 2mN u == number of users. Another star

coupler configuration by using EDFAs for WDM/FDMA network has also been proposed

[Irshid and Kaverhrad, 1993]. In this, there was one central coupler of

dimensions cc mm ×× . All other couplers were auxiliary couplers. The network size was

easily expandable by using auxiliary stars until all the ports of central star were filled. The

recirculation signals which can produce interference can be minimized by suitable

matching the band pass filters (BPFs) and band stop filters (BSFs). Chen and Guo [1994]

modify this coupler; it was cc mmmm ××  centralized star coupler. This scheme supported

more number of users than ( ) ( )11 -mm-mm cc ×  coupler. The number of required 2×2

coupler is less than that of the star coupler [Irshid and Kaverhrad, 1993] for ≥m 32 and

it did not require a BPF and BSF. As each user must be connected to centralized star

coupler, there was large fiber requirement. The fiber requirement can be reduced by

making the star coupler distribution.
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Table 1.2

Major Progress of transmission distance by using optical amplifiers.

Year
Type of Amplifier/
Using Additional
Component

Bite Rate
Channel
Spacing

Transmission
Distance

References

1987 Brillouin Amplifier 100 Mb/s 30 km Olsson and Ziel
1989 SOA 400 Mb/s 372 km Olson et al.[1989]
1991 Fiber Amplifier/

Circulating loop
5 Gb/s 14000 km Bergano et al. [1991]

1993 EDFA 1.8 Gb/s 15000 km Rotwitt et al. [1993]
1993 SOA 4 × 10 Gb/s 40 km Nakano et al. [1993]
1994 EDFA 16 × 2.5 Gb/s 1420 km Chraplyvy et al.[1994]
1995 SOA 10 Gb/s 500 km Mecozzi et al. [1995]
1997 EDFA 2.5 Gb/s 9000 km Otani et al. [1997]
1997 SOA 10 Gb/s 3500 km Settelmbe et al. [1997]
1999 SOA 80 Gb/s 50 km Bischoff et al. [1999]
1999 EDFA/ Carrier

suppressed RZ pulse
8 × 40 Gb/s
(400 GHz)

367 km Miyamoto et al. [1999]

2000 SOA 8 × 20 Gb/s 160 km Spiekman et al. [2000]
2003 SOA 8 × 40 Gb/s 160 km Xu et al. [2003]
2004 SOA/ RZ 10 × 10 Gb/s 420 km Xu and Jacob [2004]
2004 SOA 8 × 10 Gb/s 1050 km Li et al. [2004]
2005 EDFA 320 Gb/s

(100 GHz)
320 km Chung and Chung

[2005]

Table 1.3

 Progress in placement of optical amplifiers in networks.

Topology Bit Rate No. of user
without Amp.

No. of users /with
No. of SOAs

Repeater
distance

Reference

Bus 20 Mb/s 20 Increase depend
upon dynamic

range transmitted
and  received levels

0.5 km Wagner et
al.[1987]

Dual Bus 100 Mb/s Limited number
of nodes in

network

100 nodes span
hundred km

2.5 km Koai and
Olshansky,

[1993]
FDDI
Ring

100 Mb/s 300 km ring at
2.5 Gb/s does not

support single
users

450 users  possible/
With a distributed

amplifier

2 km Ross et al.
[1986 and

1989];
Goldstein

et al.
[1991]

Star 1 Gb/s 64 128/128, 256/256,
1024/1024

1 km Singh et al.
[1996 and

1997]
Tree 1 Gb/s 64 124/4, 256/16,

1024/256
1 km Singh et al.

[1996 and
1997]
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This can be achieved by putting the 1 m×  and ×m 1 coupler with the group of m users.

The fiber was required only to connect the 1 m×  and ×m 1 coupler to cc mm ××  star

coupler, so the fiber utilization was reduced. The doped fiber can also be used in

distributed star couplers to increase the number of supportable users. But the SOA can be

easily integrated with integrated optic implementation.

The SOAs are also better suited as post- or pre-amplifiers since these can be integrated

with either transmitter or receivers chips. However the SOA as pre-amplifier provides the

low cost solution for this topology.

The tree-net topology provided large geographical area coverage with fewer amounts of

fiber and was easily expendable. The capacity of these networks was increased by making

use of WDM. The tree-net topology is consisting of star as main topology and folded bus

as auxiliary topology. In a purely passive tree-net, the number of user supported was

limited by spilt and distribution loss in star couplers. The number of user can be increased

by using SOAs. In tree-net with b branches and n  number of users per branch, the total

number of supported users was bnN u == [Gerla and Fratta, 1998]. The power loss in

tree-net topology network could be reduced by realizing the star portion as multistage star

coupler [Green, 1993]. The table (1.3) shows the comparison in placement of optical

amplifiers in optical network topologies. It had been observed that gain saturation in

SOAs affect the performance of tree-net. It reduced the number of users supported as

compared to unsaturated SOAs. The gain fluctuation in SOAs further deteriorated the

performance. The star topology supported maximum number of users without SOAs star

network and tree-net required less number of SOAs as compared to the star for a fixed

number of supportable users [Singh et al., 1996, 1997].

The nonlinearities (FWM, XGM, and XPM) of optical amplifiers are utilized for

formation of wavelength converters. The wavelength converters are the main related

issues of optical networks. All optical wavelength converters have become the key

components of future broadcast optical networks [Durhuus et al., 1996]. Wavelength

converters remove wavelength blocking in optical cross connects in wavelength division

multiplexed (WDM) networks and increase  the flexibility and capacity of network for

fixed set of wavelength [Durhuus et al., 1996].

The electro-optic converter is a straightforward solution for conversion. But electro-optic

converter has limitations such as large power consumption and complexity. Wavelength

conversions based on semiconductor optical amplifiers (SOAs) and semiconductor lasers
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have been focus on research interests during the last few years [Kovacevic and

Acampora, 1996; Durhuus et al., 1996]. Semiconductor optical amplifiers are used in

cross gain modulation mode (XGM), cross phase modulation (XPM) and four wave

mixing (FWM) mode for wavelength conversions. Seo et al. [2002] reported that all

optical up conversion use cross gain modulation of the SOA with high conversion

efficiency. But, it requires a large input optical power to saturate the gain of the SOA.

In four wave mixing, the amplitude and phase information remains transparent to signal

format [Durhuus et al., 1996; Ludwig and Raybon, 1994]. Four wave-mixing (FWM)

converters include multi wavelength conversion and fiber dispersion compensation

capabilities [Ludwig and Raybon, 1994].

Hsu et al. [2004] showed that with the help of assist beam, a BER of 10-9 can achieved

with power penalty of 2.5 dB for wavelength conversion. Durhuus et al. [1996] showed

that wavelength conversion at 2.5 Gb/s has penalty of 0.7 dB by using cross gain

modulation in SOA. The wavelength converter baser on cross gain modulation has

permitted transmission distance of 50 km by using normal dispersion shift (NDS) fiber

with 3 dB penalty for 5 Gb/s [Durhuus et al., 1996]. The bit error rate (BER) of this

converter varied from 10-3 to 10-10 of received power. By using 10 Gb/s, the signal was

found to be totally corrupted after 25 km due to chirp. As reported [Perino et al., 1994],

the transmission over 121 km with dispersion shifted fiber is possible at 10 Gb/s after

wavelength conversion. Kim et al. [1996] demonstrated that 10 Gb/s NRZ (non return to

zero) signals could be successfully transmitted over 80 km within 2 dB power penalty at

10-12 BER due to self phase modulation and negative chirp induced by the phase

modulation in SOAs.

FWM based wavelength conversion is limited when it used in On-Off keying (OOK)

based transmission system. Therefore, there is need of increasing signal power for given

pump power to maintain the OSNR (optical signal to noise ratio) which resulted in

variations of the SOA gain causing induce distortion on converted signal. Lu et al. [2000]

investigated the typical signal-to-pump ratio needed to maintain around -9 dB to achieve

a trade off between signal OSNR and pattern effect. It was noted that RZ-DPSK provided

3 dB reduction in required received OSNR for a given bit error rate [Xu et al., 2003]. It

has also been shown that RZ-DPSK has continuous pulse sequence and will eliminate the

pattern effect to the converted signal when FWM in SOA used and will improve OSNR

of converted signal.
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The extinction ratio degradation problem is also presented in the XGM scheme. Also

conversion efficiency for this FWM scheme is not very high. So it is difficult to retain a

large signal-to-noise ratio (SNR) for converted signal in cascaded wavelength converters.

So to overcome the problems of XGM and FWM scheme, the SOA converters can be

used in cross phase modulation (XPM) mode. Majumder et al. [2003] reported XPM

based SOA Mach-Zehnder interferometer (SOA-MZ1) wavelength converter. They have

optimized the bias current, optical filter bandwidth, and pump intensity in the SOA-MZI

arrangements to achieve high signal-to-noise ratio.

1.6 Selection of Study Area

In the fiber optic communication, there is degradation in transmission signal with the

increase in distance. The number of users can be increased by increasing the power

budget or reducing the losses in the network by using optoelectronic regenerators. In

optoelectronic regenerators, the optical signal is first converted into electric current and

then regenerated by using a transmitter. But such regenerators become quite complex and

expensive for wavelength division multiplexing systems. This reduces the reliability of

networks as regenerator in an active device. Therefore, upgradation of multichannel

WDM network will require optical amplifier. To remove loss limitations and to amplify

the signal, the optical amplifiers are used which directly amplify the transmitter optical

signal without conversion to electric forms as in-line amplifiers. The optical amplifiers

are mainly used for WDM (Wavelength division multiplexing) light wave systems as all

channels can amplify simultaneously. Optical amplifier increases the transmitter power

by placing an amplifier just after the transmitter and just before the receiver.

As the need of long haul unrepeated transmission distances and ultra fast broadband

transmission is increasing, the advanced transmission methods have to be investigated.

So, there is a demand to investigate the unrepeated all optical transmission and ultra fast

broadband transmission over long distances. In order to achieve these objectives i.e.

broadband and repeaterless transmission of an optical communication system, it is of

utmost importance to optimize the optical amplifier and then placement in optical

networks.

Therefore, it is of utmost important to study, analyze and optimize the optical amplifiers

in WDM optical communication network to improve the power budget for increasing the

number of supported users.
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1.7 Objectives

The semiconductor optical amplifiers (SOAs) have attracted much attention as cost

effective compared to erbium doped fiber amplifiers for long haul optical communication

system. But as gain saturation problems arises due to cross gain modulation (XGM), the

cross phase modulation (XPM) and four wave mixing in multichannel optical system

limits the system performance and the cascaded utilization of the SOA is not possible for

long transmission distance. The crosstalk and power penalty problem arises in long haul

dense wavelength division multiplexing using cascaded SOA due to XGM and XPM. So

there is a need for proper placement of SOAs for long haul optical communication

systems.

Due to limited bandwidth of the SOA, there is requirement of erbium doped fiber

amplifiers (EDFAs) for broadband communication systems.  In past years, various

techniques and methods were presented to flatten the gain of optical amplifiers to push

the bit rate and transmission distance higher and higher.

Wavelength converters are the key components for increasing the flexibility and capacity

of broadcast optical networks. The nonlinear effects like cross phase modulation (XPM)

and four wave mixing (FWM) are the powerful elements for improving the performance

of wavelength converters.

All broadcast network topologies show improvement in the number of users in the

presence of semiconductor optical amplifiers. But the real model of SOA utilization is

not simulated in the literature for low power requirement. This thesis focuses on the

investigation of minimizing the nonlinearities in the semiconductor optical amplifiers due

to XGM, XPM and gain flattening problems of EDFA for increasing the capacity and

flexibility of optical communication networks with the following objectives:

1. To investigate the optical amplifiers (SOA, EDFA) for effective performance

with dispersion and fiber nonlinearities.

2. To improve the power budget in WDM optical communication network with

placement of optimized optical amplifier.

3. To investigate placements and other related issues of optical amplifiers in WDM

optical communication networks.
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4. To analyze and compare the different topologies with placement of Optical

amplifier in optical communication networks and formulation of topology for

optimize performance.

1.8 Organization of the Thesis

The thesis has been organized into eight chapters. Contents of each chapter are briefly

described as under:

Ø After introducing the comprehensive literature review and the introduction in

Chapter 1, SOA modeling and analysis for multichannel WDM optical

communication systems and transmission performance of 20 × 10 Gb/s WDM

signals using cascaded optimized SOAs with OOK and DPSK modulation formats

have been presented in Chapter 2. It has been shown that the DPSK system has

larger transmission capacity as compared to OOK system. By using cascaded

optimized SOAs, the maximum transmission distances are 1190 km in RZ-DPSK

system and 1050 km in RZ-OOK systems.

Ø Chapter 3 is based on optimization of SOA structural parameters for multichannel

WDM transmission with DPSK systems by reducing the cross gain modulation

(XGM) and cross phase modulation (XPM) of the SOA for improving the capacity

and transmission distance. We have successfully simulated the 10 × 40 Gb/s

soliton RZ-DPSK WDM signals over 1050 km with spectral efficiency

approaching 0.4 bit/s/Hz using optimized semiconductor optical amplifiers

(SOAs) as in-line amplifier. With slight increase in differential gain 200 atto cm2,

the maximum transmission distance observed is 4550 km with quality of received

signal more than 15 dB and having nil power penalties for 10 × 40 Gb/s. The ten-

channel at 80 Gb/s WDM transmission is possible up to the transmission distance

of 910 km by using the optimized SOAs as in-line and pre-amplifier with soliton

RZ- DPSK modulation format at 200 GHz channel spacing. By reducing cross

phase modulation the maximum transmission distance observed is 5220 km with

good quality and nil power penalty for 10 × 40 Gb/s soliton RZ-DPSK WDM

signals for the first time.

Ø Chapter 4 deals with the improvement in power budget for long haul WDM and

DWDM transmission of RZ-DPSK signals by using optimum placement of the

optimized semiconductor optical amplifiers. It is found that the post-power
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compensation method is superior to pre- and symmetrical-power compensation

methods. The ten channels at 10 Gb/s WDM transmission of 68908 km by using

the optimized SOAs as in-line and pre-amplifier with DPSK modulation format at

100 GHz channel spacing with the optimum span scheme. It is also numerically

simulated that the ten channels at 10 Gb/s dense wavelength division

multiplexing (DWDM) transmission faithfully over 17,227 km using 70 km span

of single mode fiber (SMF) and dispersion compensating fiber (DCF) by using

optimum span scheme at channel spacing of 20 GHz.

Ø Chapter 5 deals with improvement of receiver sensitivity and bandwidth by using

polarization insensitive semiconductor optical amplifier for greater transmission

capabilities. It has been shown that the receiver sensitivity is -69.9 dBm at bit

error rate (BER) of 10-10 for 10 Gb/s and for the 40 Gb/s bit rate the improved

receiver sensitivity is -19.2 dBm with PIN receiver. Our proposed SOA optical

pre-amplifier gives large tolerance of an input light wavelength more than 100

nm.

Ø Chapter 6 pertains to study and evaluation of gain flattening approach of EDFA

for WDM transmission systems. By using proposed gain flattening approach and

optical super Gaussian notch filter, the peak and valley gain is flattened. It is

possible to achieve the transmission of sixteen channels at 40 Gb/s wavelength

division multiplexing (WDM) over a transmission distance of 490 km by single

mode fiber and dispersion compensating fiber at a span of 70 km with channel

spacing of 200 GHz by using this approach. The higher bit rate distance product

of 313.6 Tb/s km is achieved.

Ø Chapter 7 provides the wavelength converters for optical communication

networks based on four wave mixing and cross phase modulation in

semiconductor optical amplifiers. The SOA parameters evaluated can be utilized

for design of wide band wavelength converter and better conversion efficiency.

We have simulated 50 nm up and down wavelength conversion for non-return to

zero differential phase shift keying (NRZ-DPSK) signal by using four wave

mixing in a semiconductor optical amplifier (SOA) at 10 Gb/s. Ten stage

cascaded wavelength conversion over 1302 km single mode transmission is

possible for 10 Gb/s NRZ-DPSK format by using FWM in the SOA. The

wavelength conversion using XPM in the SOA-MZI configuration with wide

band more than 15 nm up and down conversions is reported, for the first time.
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The conversion efficiency of this converter is more than 11 dB at signal-to-pump

power of -9 dB.

Ø Chapter 8 examines the performance of optical communication network

topologies in presence of optimized semiconductor optical amplifiers. The

performance of bus, ring, star and tree network topologies for 10 Gb/s DPSK

signal in presence of optimized semiconductor optical amplifiers is compared for

minimum signal input power. The tree network topology offers maximum

number of users with minimum utilization of SOAs and optical couplers.

Ø Finally, the Chapter 9 highlights the conclusions and recommendations of the

thesis and provides the future scope of the work.
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Chapter 2

SOA Modeling and Analysis for Multichannel WDM Optical
Communication Systems

2.1 Introduction

This chapter focuses on the SOA modeling and analysis for multichannel WDM optical

communication systems, which is related to the first objective of the research work. As

we have discussed in previous chapter that the most of literature is limited up to

transmission distance of 1050 km at 100 Gb/s by using SOA [Li et al., 2004]. Also the

structural optimization of the SOA has been ignored. Here, the bias current optimization

of the SOA is done to observe the performance of multichannel WDM optical

communication systems. It is evaluated that the DPSK system has larger capacity as

compared to OOK system in presence of cascaded SOAs.

2.1.1 SOA Analysis for Single Channel

Semiconductor optical amplifiers (SOAs) are more prospective device for optical fiber

transmission systems as compared to fiber amplifiers due to their compact size, ultra

wideband gain spectrum, low power consumption, ease of integration with other devices

and low cost [Mahony, 1988; Gustavsson et al., 1992; Iannone et al.,1996]. In order to

utilize the SOA for different application like wavelength converter, switching, in-line and

pre-amplifiers, there is a need of optimization of SOA for these applications. So the gain

saturation and ASE noise power of SOA is analyzed here for single channel. In gain

saturation, g  is reduced when P  becomes comparable to saturation power sP , the

amplification factor G  decreases with an increase in the signal power. From [Agrawal,

2002]

s

o

P/P
g

z
Pg

+
=

∂
∂

=
1     (2.1)

Where the small signal gain og  is given by

( )( )to N/qI/Vg −=     (2.2)

Where  is the confinement factor,  is the differential gain, V  is the active volume, I

is the bias current,  is the carrier lifetime, q  is the charge of electron  and tN  is the

transparency carrier density.
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The unsaturated amplifier gain is

LgG oo =

Where L  is the length of semiconductor optical amplifier. Using initial

condition, inP0P =)( together with inout GPPLP ==)( ,relation for large signal amplification

gain is obtained:

in

out

P
PG =     (2.3)

When a semiconductor amplifier works in the saturation mode, the power of the input is

above the saturation value. The gain is given by
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This equation shows that the amplification factor G  decreases from its unsaturated value

oG  when outP  becomes comparable to sP  [Agrawal, 2002]. The output saturation power

of %30  is defined as the output power for which the amplifier gain G  is reduced by 3 dB

from its unsaturated value oG  and given by

s
o

eos
out P

G
GP

2
2log

−
=     (2.5)

Here s
outP  is smaller than sP  by about %30 , so we need 2≥oG  in practice. Also s

outP

becomes nearly independent of oG  for 20Go > dB [Agrawal, 2002]. For the SOA model,

as G  decrease from oG , the amplification factor G  at bias current 300 mA is reduced by 3

dB, it shows negative value for higher input signal, which is inadequate. So, gain

saturation not only reduces the amplifier gain, but also leads to nonlinear effects that can

increase the crosstalk in a multichannel transmission system [Franz and Jain, 1996]. From

[Olsson, 1989], the spontaneous emitted power at the output of semiconductor optical

amplifier is written as

( ) ospSpASE hfBGNPP 1−==     (2.6)

Therefore, photocurrent equivalent to spontaneous emission power [Spiekman, 2003] is

( ) osp
sp

sp qBGN
hf

qP
i 1-==     (2.7)

Where spN  is population inversion factor. The shot noise shotN , signal to spontaneous beat

noise spsN −  and spontaneous to spontaneous beat noise spspN −  are depended on photoequ-
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-ivalent current given by [Olsson, 1989; Yamatoya and Koyama, 2004]

speshot qiBN 2=

o

elspins
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2 2
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−
=−     (2.8)

Where eB  is the electrical bandwidth, m  is the number of polarization modes, sI  is the

photo current equivalent of amplifier input power, in  and out  are the amplifier input and

output coupling efficiencies, lL is the optical loss between the amplifier and the receiver

and thN  is the thermal noise, So  the total noise

thspspspsshottot NNNNN +++= −−     (2.9)

Also noise figure from [Agrawal, 2002] is given by

( )12 −= GNF spn   (2.10)

From above analysis, it is concluded that at low value of bias current for SOA, the

amplification factor as in equation (2.3) goes on decreasing with the increase in input

signal power. Even, when the amplified spontaneous emission (ASE) noise power in

equation (2.6), the total noise in equation (2.9) and the noise figure are quit low and the

output power drop occurs. It is also found that for high value of bias current for SOA, the

ASE noise power from equation (2.6), the total noise from equation (2.9) and the noise

figure from equation (2.10) has boosted due to the increase in gain even when input

power is more than saturation power. These lead to the increase in interchannel crosstalk

in multichannel transmission system. So for optimum bias current and the optimal gain is

obtained at reasonable noise figure from equation (2.10).

2.1.2 Multichannel Crosstalk Analysis for SOAs

Due to cross gain modulation in the SOA, there is crosstalk among WDM channels.

There may be degradation in quality of received signals. In order to decrease the gain a

fluctuation, the gain has to be reduced otherwise this will cause power penalty of

received signals.

In order to optimize the SOA, we considered the multichannel WDM case. In this, the

rate equation governs the carrier density in the SOA gain region [Xu et al., 2003]
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Where t  is the time, z  is the position along the propagation direction of light, J  is the

injection current density, ( )zt,N  is the carrier density, at  is the thickness of active region,

 is the carrier recombination time, a  is the differential gain, tN  is the transparency

carrier density, M is the total number of channels, ( )zt,Pi  is the power in the ith channel,

hf  is the energy of photon, w  is the width of waveguide, efft is the effective thickness of

the waveguide and effa tt=  is the confinement factor.

The gain coefficient of the amplifier is given by

( ) ( )[ ] LaNzt,Nzt,g t−=   (2.12)

The crosstalk can be suppressed by keeping the gain coefficient constant. By replacing J

with wLI , multiplying La  on both sides of equation (2.11) and rearranging items, the

equation becomes
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Where I  is the bias current of the SOA. Because at steady state, tNt ∂∂ = 0. Normalizing

the power to saturation power sP

( ) ( )
eff

i
i twh

t,zPat,zQ =

For SOA model below, variation of the normalized total optical power for all channels

( )∑=
=

M

i
i t,zQP(t,z)

1
  (2.14)

As with variation in time, the distance moved by photon varies. Therefore, tt =1  and

Lzz =1  is considered here. By substituting the gain coefficient and total power from

equation (2.12) and (2.14) to (2.13), we have

( ) ( ) ( ) ( )t,zPt,zgLat,zN
wqt

aI
t
t,zg

a

−−=
∂

∂

1
  (2.15)

Rearranging the equation (2.15)
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This is a first-order differential equation; its solution for time varying is
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Solution of this equation with variation in time and position from equation (A8) in

appendix is
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Where P  and ( )nn,ztN  is the time variation of power and carrier density. Also taking

derivative of power coefficient, ( ) 111 t,ztPPL ∂∂=  for reducing complexity of the system

and derivative of carrier density, ( ) 111 t,ztNN ∂∂= .

The variation of gain is

gg(t,z)),zg(t +=11   (2.19)

Where g is the small dynamic variation of ),zg(t 11  around z)g(t, . The power varies

from z)P(t,  to ),zP(t 11  for variation in time and position. Substituting (2.19) in (2.16), and

at steady state 01 =∂∂ tg . Then, we have
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g  is small gain variation which can be found by solving first order differential equation

(2.20)

( ) ( )

( )

( )

( ) ( )











































∫

−∞
∫

−∞

×−












∫

−∞

×∫
∞−









−














∫

−∞
−=

1

1

1
11

1

1

1

1
11

1

1

1
11

11

exp

expexp

dt
t

dt,ztPt t,zP

g(t,z)dt
t

dt,ztP

t
Lt,zN

wqt
Ia

t
dt,ztP,ztg

a

  (2.21)

Solution of the equation (2.19) from equation (A13) of appendix is
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By substituting the value of gain coefficient and rearranging parameters. From appendix

equation (A14) the equation becomes as
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Equation (2.18) shows that for multichannel WDM signals, the SOA gain directly

depends upon the bias current of the SOA. The variation in gain leads to crosstalk. As

deduced from equation (2.23), the small dynamic variation in gain depends upon the

variation of bias current, lifetime, confinement factor and power of the input signals.

As from equation (2.23), if longer is the lifetime taken then smaller will be gain variation

which produces interchannel crosstalk same as reported in [Xu et al., 2003]. Similarly, if

we decrease the bias current, it results reduction in gain fluctuation i.e. less crosstalk. But

by reducing the injection current, amplification factor goes on decreasing. As from

equation (2.23) by increasing the confinement factor, the SOA-induced crosstalk

increases. Also equation (2.23) shows that with increase in launched power leads to

increase in the crosstalk.

2.1.3 Power Penalty Analysis of SOA for Multichannel

The rate equation of optical power in the SOA region [Xu et al., 2003] is

( ) ( )( ) ( ) ( )t,zPt,zPNt,zNa
z
t,zP

iwit
i −−=
∂

∂   (2.24)

Where w  is the waveguide loss. The unsaturated amplifier gain for multichannels is

represented by

( )Lzt,gPP inout =   (2.25)

The power penalty in presence of impairment is defined as the amount of increase in

signal power required (in dB) to maintain the same bit error rate as in the absence of that

impairment. The power penalty in presence of impairment is written as

( )
out

in
penalty P

PdBP 10log10=   (2.26)
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This penaltyP  amount of power required with same bit error rate as in the absence of the

impairment. Power penalty varies with time and position inside the active region of the

SOA. By rearranging the equation (2.24), we have

( ) ( ) ( )( ) wt
i
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z
t,zPt,zP −−

∂
∂=   (2.27)

Substituting equation (2.25) and (2.27) in (2.26)
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Using equation (2.12) in (2.28), we have
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Due to a small variation in power, there is a variation in gain g . So there is also change

in penalty occur in equation (2.29) as
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From equation (2.30), it shows that confinement factor and differential gain are inversely

proportional to power penalty. As we increase the confinement factor the power penalty

goes on decreasing but the quality of signal should be recognizable for power margin and

forwarded error check maximum up to 15 dB.  Also shown from the equation as we

increase the input power the power penalty goes on increasing.

2.1.4 Bit Error Rate Estimation due to XGM in SOA

Gain variation g as the function of time and position of the photon

( ) ( ) ( ) ( ) ( )zt,g.....zt,g........zt,gzt,gzt,g Ii21 +++= ... (2.31)

The variance of gain variation is
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Where ( )zt,gm  is the mean value of small gain fluctuation and k is integer.
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Where subscript m  is denoted as the mean value. By using Gaussian approximation and

estimate the BER through the differential gain Q factor same as [Wei and Zhang, 2005]
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When power penalty occurs, then BER as
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 The bit error is estimated as
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When there is no cross gain modulation, then BER for DPSK is
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So from equation (2.35) and (2.36), we conclude that bit error rate degradation occurs due

to cross gain modulation among the WDM channels.

2.2 Transmission Performance of 200 Gb/s WDM Signals by using

Cascaded Optimized SOAs with OOK and DPSK Modulation

Formats

With the growing transmission rates, the demands in the field of optical communication,

electronic regeneration has become more and more expensive. The powerful optical

amplifiers came into existence, which eliminated the costly conversions from optical to

electrical signal and vice versa. When SOAs work in saturation region, it has high

nonlinearities, which restrains it from use in long-haul wavelength division multiplexing

transmission system. Most of the researchers have used conventional SOAs for long

distance communication as already discussed in the section 1.5.3 of Chapter 1. It is

observed from the pervious literature that the maximum transmission distance is 1050 km

with capacity 8 × 10 Gb/s by using differential phase shift keying (DPSK) modulation

format at channel spacing 400 GHz. Using OOK system, the maximum transmission
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distance reported is 420 km with 100 Gb/s bit rate. In this section, the work reported in

[Xu et al., 2004; Li et al., 2004] is extended to further optimize SOA for increasing the

transmission distance and channel capacity at 10 Gb/s.

2.2.1 SOA Model

The standard InGaAlAs travelling wave SOA with negligible residual facet reflectivity is

taken as the amplifier model in our simulation. After solving equation (2.23) and

simulative optimization, the relevant parameters are as follows: the length is 750 µm, the

width of active layer is 2 µm, its thickness is 0.2 µm and confinement factor is 0.4. The

transparency carrier density in the SOA is taken to be 1.5 × 1018 cm-3 and the differential

gain of 2 × 10-16 cm2. The carrier recombination time  at this density is estimated to be

300 ps given the saturation power sP = 21.36 mW.  The optimum injection current

evaluated is 400 mA same as reported in [Yamatoya and Koyama, 2004]. The optical

bandwidth of SOA is 40 nm and considered spontaneous emission factor is 2. The input

and output coupling losses of SOAs are taken as 3 dB.

2.2.2 Validation of SOA Model

In order to determine and optimize the SOA parameters, the simulations have been

carried out for SOA in-line amplifier for optimizing the parameters by using setup shown

in figure (2.1). The DPSK signal formed by encoding a continuous wave (CW)

Lorentzian light source with different power and data in terms of RZ-DPSK format

launched into optical phase modulation. The RZ data was pseudorandom binary sequence

(PBRS) with word length 210-1 at 10 Gb/s. The full wave half maxima (FWHM)

line_width of the CW light source is 1 MHz. The low pass Bessel filter have 3 dB

bandwidth of 5 GHz for generation of data source in terms of RZ format. After that this

DPSK signal is launched into SOA as in section 2.2.2. At the output, a raised cosine

optical filter with a bandwidth 50 GHz is used. The output of filter is fed to DPSK

receiver for detection of signal. The time domain simulation is carried out with simulation

bandwidth 0.466 THz and centre wavelength 1550.38 nm.

Figure (2.2) shows the results of our SOA in-line amplifier model. This gives the

variation of amplification factor with the increase in input signal power for different value

of bias current (mA). It is measured that for 300 mA, the amplification factor goes to

negative value which is not characteristic of an amplifier, but for 500 mA current, good

amplification factor is obtained for -20 dBm input signal power.
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Figure 2.1: Setup for measuring the SOA response.

Figure 2.2:  Amplification factor varies with signal input power at different bias currents.
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Figure 2.3: Amplified spontaneous power versus signal input power for different bias currents.

Figure 2.4: Gain of SOA varies with signal input power for 400 mA injection current.
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It is also observed that amplification factor goes on decreasing with increase in input

power. The ASE noise power is measured as shown in figure (2.3). The ASE noise power

for 500 mA is  4457 µW for input -20 dBm which is too large and is not to suit the

amplifier as reported in case [Yamatoya et al., 2004]. For 300 mA bias current, the ASE

noise power is very low as compared to current 500 mA. But at 300 mA, the

amplification factor is negative which is not suitable. For 400 mA, ASE noise power is

227 µW at -20 dBm that is less as compared to current 500 mA and ASE reported in

[Yamatoya et al., 2004] with sufficient amplification factor. Therefore, 400 mA bias

current is optimal bias current and at this bias current, constant gain of 36.5 dB observed

up to saturation as shown in figure (2.4). Such a high constant gain has large tolerance of

an input light wavelength.

The crosstalk in SOA in-line amplifier model is found for two or more channels. So

simulations are carried out for setup as in figure (2.6) with two channels DPSK signal

without single mode and dispersion shift fiber. We measure the crosstalk of these

channels by varying the input signal power for different bias current (mA) as shown

figure (2.5). It is observed that with the increase in bias current the crosstalk increases,

which shows a good agreement with above analysis. It is also noted that at 400 mA, the

crosstalk is -10.314 dB with input power -15 dBm at 100 GHz channel spacing, which

shows an improvement over the result reported in [Choi et al., 2002].

It is also observed that with increase the launched power, there is increase in the

interchannel crosstalk for different bias current. As a result low crosstalk, low noise

figure and ASE noise power with good agreement of amplification factor is obtained at

400 mA bias current of the SOA in-line amplifier. This is in agreement with the results

reported in [Yamatoya et al., 2004], as faster response was obtained at higher bias

current.

2.2.3 20 × 10 Gb/s RZ-DPSK WDM Signal Transmission

The transmission performance of WDM signals with DPSK modulation format is

analyzed by using cascaded SOAs. Figure (2.6) shows a schematic setup of 20 × 10 Gb/s

DPSK WDM system. Twenty Lorentzian laser sources in the wavelength range 1550.38

nm to 1557.63 nm (100 GHz channel spacing) are modulated by each optical LiNbO3

phase modulator with return to zero (RZ) format. The input of each transmission channel

is -15 dBm. Therefore, the design carries 200 Gb/s WDM RZ signals over the

transmission distance of 1190 km with 70 km SOA spacing.
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Figure 2.5: Crosstalk variation with launched power of SOA for different bias current.

Figure 2.6: Schematic diagram of transmission system of 20 × 10 Gb/s RZ-DPSK WDM signals.
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Figure 2.7: Q factor variations with channels for different transmission distances.

Figure 2.8: Optical power versus different channels for different transmission distances.
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Figure 2.9a: Eye diagram after distance 1190 km of channel no. 5.

Figure 2.9b: Optical spectrum for twenty channels at different frequency before and after

   transmission distance 1190 km.
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Each of the span consists of a 60 km standard single mode fiber (SMF), one or more DCF

(dispersion compensating fiber) [Agrawal, 2002] and a SOA at the end. For SMF, the

values dispersion parameter D at the operating wavelength is 17 ps/km-nm. The

corresponding value for DCF is six times greater with opposite sign in order to achieve

dispersion management for fiber link. The loss of SMF is 0.2 dB/km and loss of DCF is

0.55 dB/km. The time domain simulations have been carried out for this setting as shown

in figure (2.6) with bandwidth 3.25 THz and centre frequency 193.417 THz.

The dependence of Q factor for different channels is measured as shown in figure (2.7).

The quality is observed for the transmission 1120 km, 1190 km and 1260 km, which

shows almost the same and more than 15 dB. But power received is not same for all these

transmission distance as shown in figure (2.8). For transmission distance of 1120 km,

approximately -13.5 dBm powers are observed for all channels. But for transmission

distance 1260 km, there is power penalty approximately of 0.15 dB for all channels. For

1190 km distance, the power received is more than input power by 0.6 dB rounds off for

all channels.

The eye diagram for distance 1190 km with outP = -14.29 dBm for channel number 5 is

shown in figure (2.9a). The optical spectrum of twenty channels for input and output

signal power after transmission distance 1190 km is shown in figure (2.9b).

2.2.4 20 × 10 Gb/s RZ-OOK WDM Signal Transmission

The transmission performance of WDM signals with OOK modulation format is analyzed

by using the cascaded SOAs. Figure (2.10) shows a schematic setup of 20 × 10 Gb/s

OOK WDM system. Twenty Lorentzian laser sources in the wavelength range 1550.38

nm to 1557.63 nm (100 GHz channel spacing) are modulated by each optical sin2 Mach

Zehnder amplitude modulator with return to zero (RZ) format. The input of each

transmission channel is -15 dBm. Therefore, the design carries 200 Gb/s WDM RZ-OOK

signals over 1050 km with 70 km SOA spacing. Each of the span consists of a 60 km

standard single mode fiber (SMF), one or more DCF and a SOA at the end. The same

dispersion parameter and loss is taken for SMF and DCF as in section 2.2.4. The

corresponding value for the DCF is six times greater with an opposite sign. The time

domain simulations have been carried out for this setup as shown in figure (2.10) with

bandwidth 5.256 THz and centre wavelength 1550.3 nm.

In order to measure the performance of RZ-OOK WDM signal transmission, the quality

and received power is noted. The Q factor is measured for different channels as shown in
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Figure 2.10: Schematic diagram of transmission system of 20 × 10 Gb/s RZ-OOK WDM signals.

Figure 2.11: Q factor variations with channels for different transmission distances.
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Figure 2.12: Optical power versus different channels for different transmission distances.

Figure 2.13a: Eye diagram after distance 1050 km of channel no. 9.
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figure (2.11) with different transmission distances. It is observed that with the increase in

transmission distance in the OOK system, the quality of extreme channels goes on

decreasing. For transmission distance 1120 km, it is observed that Q factor of two

extreme channels is less than 15 dB. Also power received is not same for all these

transmission distance as in figure (2.12). For transmission distance 840 km,

approximately -12.05 dBm power is observed for all channels. Also power improvement

is observed in the case of 1050 km transmission distance. But for transmission distance

1120 km, there is power penalty approximately of 0.27 dB observed for all channels. For

1050 km distance, the power received for all channels is more than input power by 0.5 dB

round off.

The eye diagram for distance 1050 km with outP = -14.459 dBm for channel no. 5 is

shown in figure (2.13a) having good quality as compared to eye diagram in figure (2.9a).

This is due to lesser transmission distance in the OOK case. The optical spectrum of

twenty channels for input and output signal power after transmission distance 1050 km is

shown in figure (2.13b).

2.2.5 Comparison of DPSK and OOK Systems using SOA

The investigation is also made for the variation of bit error rate versus input signal power

for the transmission distance 1050 km for the OOK system and 1190 km for the DPSK

system. The figure (2.14) and (2.10) show the variation of bit error rate for different

channels with increase in input signal power. With the increase in signal input power, the

quality of signal goes on decreasing due to gain saturation. This tendency is almost same

as in the case [Xu et al., 2003]. All channels show (BER) bit error rate less than 10-10 up

to the saturation power in DPSK.

For transmission distance 1050 km, the middle channels no. 10 and 15 has bit error rate

less than 10-10 up to saturation power for both the OOK and the DPSK systems as shown

in figure (2.14). It is observed that on-off keying system shows good performance for

middle channels as compared to differential phase shift keying system for the same

transmission distance. The DPSK system shows degradation earlier as compared to the

OOK system if the launched input power is increased. From here, it is clear that when the

SOA is in unsaturated mode the OOK system shows good performance.

For extreme channels, the OOK system degraded more as compared to DPSK system for

same transmission distance which is shown in figure (2.15).
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Figure 2.13b: Optical spectrum for twenty channels at different frequency before and after

    transmission distance 1050 km.

Figure 2.14: BER versus launched power of middle channels for OOK and DPSK systems.
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Figure 2.15: BER versus launched power of extreme channels for OOK and DPSK systems.

Figure 2.16: Q factor versus channels for OOK and DPSK systems at 20 GHz.



54

In the OOK system, with the increase in input power the BER increases more than 10-9

for the extreme channel numbers 1 and 20. But the DPSK system shows best performance

for these extreme channels with the BER less than 10-10 up to saturation power. In the

case of OOK system, both side extreme channels are degraded due to distortion. This

distortion is due to amplitude modulation. Thus, it can be concluded that the OOK system

has limited capacity as compared to the DPSK system.

Further investigation is made for the system with the same SOA in-line amplifier model

for 20 GHz channel spacing in the same setup as shown in figure (2.6) and (2.10). With

decreasing channel spacing from 100 GHz to 20 GHz, there is pronounced the cross gain

modulation in SOA structure. Therefore, the Q factor is observed at sufficient power

received for the distance 1050 km at 20 GHz. So, the transmission distance decrease by

decreasing the channel spacing. This also meets with results observed in [Choi et al.,

2002; Spiekman et al., 2000]. But the DPSK system has better quality as shown in figure

(2.16) as compared to the OOK system.

2.3 Conclusions

In this chapter, the SOA model is proposed for minimum gain fluctuations and nil power

penalty for the WDM multichannel transmission. The twenty channels at 10 Gb/s WDM

has been transmitted over a transmission distance of 1190 km by using optimized SOAs

as in-line and pre-amplifier with the DPSK modulation format at 100 GHz channel

spacing. Also for the OOK system, the transmission distance is possible up to 1050 km

for the first time. For this, the SOA bias current is optimized for reduction of crosstalk

with sufficient amplification. The low crosstalk -10.314 dB, high optical gain 36.5 dB are

achieved with reasonable ASE noise power. It is also observed that with the decrease in

channel spacing, the quality of signal falls due to the increase in cross gain modulation.

The DPSK system performs best for 1190 km transmission distance with bit error rate

than 10-10 for all channels up to saturation power of the SOA. So by structural

optimization of the SOA, the capacity and transmission distance has been increased for

the DPSK system. But the OOK system is best for small number of channels up to

saturation of the SOA. It is concluded that the DPSK system has large capacity as

compared to the OOK system.
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Chapter 3

Simulative Optimization of Semiconductor Optical Amplifier
Structural Parameters for Multichannel WDM Transmission

This chapter is based on the optimization of SOA structural parameter for multichannel

WDM transmission with DPSK systems, which is also related to the first objective of this

research work. This can be achieved by reducing the cross gain modulation (XGM) and

cross phase modulation (XPM) and optimizing the confinement factor of the SOA for

improving the capacity and transmission distance. The optimization of the cross gain

modulation (XGM) is done by using the analysis of the SOA for multichannel in pervious

Chapter 2. The maximum transmission distance of 5220 km is evaluated for 400 Gb/s

soliton RZ-DPSK WDM signals by using cascaded optimized SOA.

3.1 Optimization of Confinement Factor of SOA

For multichannel WDM optical communication system, channel interference is due to

pulse broadening. This can be avoided only if channel spectrum retains its shape even

when they pass through any optical components or devices. When multichannel signals

pass through the SOA medium, the channel interfere exists but this can be avoided by

confining the each channel spectrum. The confinement factor of the SOA reflects the

faithful optical confinement of the applied input signal. The confinement factor is the

structure parameter of the SOA. If confinement factor is high then output optical signal

become quite sharp. The gain saturation is achieved at fast rate for high confinement

factor.

The RZ differential phase-shift keying (DPSK) modulation format has attracted intense

research interests [Xu. C. et al., Apr. 2003] as the signal power is constant for this format,

so this format when applied to SOA-based WDM transmission link reduces the cross gain

modulation (XGM) effect accordingly. Also RZ-DPSK could provide 3 dB reductions in

required received OSNR for given bit error rate (BER) [Xu. C. et al., Apr. 2003]. We

have investigated that 20 × 10 Gb/s transmission over 1190 km by using cascaded SOA

with DPSK modulation format with channel spacing 100 GHz as reported in Chapter 2.

We have reported that the 400 mA bias current is optimum with low crosstalk and ASE

noise power.
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Till the date, the maximum transmission distance was reported up to 1190 km with

capacity of 20 × 10 Gb/s by using differential phase shift keying (DPSK) modulation

format. Using the OOK system, the maximum transmission distance is 1050 km with 200

Gb/s bit rate as reported in previous Chapter 2. There is no previous literature found to

optimize the confinement factor of the SOA for WDM transmission. In this part, the work

reported in [Xu et al., 2003 Li et al., 2004] is further extended to optimize the SOA for

increasing the transmission distance at 10 Gb/s.

3.1.1 Optimization of SOA Model

To optimize the SOA model, the simulation has been carried out for the setup given in

figure (2.1) of Chapter 2 for our SOA in-line amplifier parameter as in section 2.2.2. The

DPSK signal formed by encoding a continuous wave (CW) Lorentzian light source with

different power and data in terms of RZ-DPSK format is launched into optical phase

modulation. The RZ data was pseudorandom binary sequence (PBRS) with word length

227-1 at 10 Gb/s. The full wave half maxima (FWHM) line_width of CW light source is 1

MHz. The low pass Bessel filter has 3 dB bandwidth of 5 GHz for the generation of data

source in terms of RZ format. Then DPSK signal is launched into the SOA as in section

2.2.2 of the Chapter 2. At the output, a raised cosine optical filter with bandwidth 50 GHz

is used. The output of filter is fed into the DPSK receiver for detection of the signal. The

time domain simulations are carried out with simulation bandwidth 0.466 THz with

centre wavelength 1550.38 nm.

The simulations are carried out for different confinement factors of an SOA in-line

amplifier model which is used for the transmission. The results in figure (3.1) show the

variation of amplification factor with increase in input signal power for different

confinement factors. It is observed that, for 0.35 confinement factor the amplification

factor is low. But for confinement factor 0.45, good amplification factor is obtained,

which is more than 18 dB for -15 dBm input signal power.

It is observed that amplification factor goes on increasing with the increase in the

confinement factor. It is also observed that amplification factor goes on decreasing with

the increase in input power. The noise power generated in the SOA due to spontaneous

emission is also measured as shown in figure (3.2). The amplified spontaneous emission

(ASE) noise power for confinement factor 0.45 is 227.24 µW is observed for input -20

dBm, which is very near as reported in case [Yamatoya et al., 2004].
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Figure 3.1:  Amplification factor varies with signal input power at different confinement factors.

Figure 3.2: Amplified spontaneous power versus signal input power for different confinement

factors.
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For 0.35 confinement factor, the ASE noise power is very low as compared to

confinement factor 0.45, but at 0.35, the amplification factor is very low which is not

suitable. For confinement factor less than 0.43, ASE noise power is less than as compared

to the ASE at confinement factor of 0.45 and reported as 227 µW at -20 dBm for current

400 mA [Yamatoya and Koyama, 2004]. Further, it is also observed that as there is

increase in the input signal the ASE noise goes on decreasing in the SOA due to gain

saturation and the amplification stops with the increase in the power.

We also found the SOA-induced crosstalk for the SOA model for two or more channels.

Therefore, simulations are carried out for the setup as shown in the figure (3.5) with two

channel DPSK signals without single mode and dispersion shifted fiber. The crosstalks of

these channels are measured by varying the input signal power for different confinement

factors as shown in figure (3.3).

It is also observed that with the increase in confinement factor, the crosstalk increases,

which show good agreement with the above analysis. It is noted that at confinement

factor 0.41 the crosstalk observed is -9.63 dB with input power -15 dBm at 100 GHz

channel spacing and this shows an improvement in the result reported in [Choi et al.,

2002]. Further more it is observed that with the increase in launched power for different

confinement factors, leads to an increase in the channel crosstalk.

The power penalty in the presence of impairment is defined as the increase in signal

power required (in dB) to maintain the same bit error rate as that in the absence of that

impairment. It also found the same power penalty for the SOA model. So simulations are

carried out for the setup as shown in figure (3.5) with 60 km standard single mode fiber

(SMF), one or more DCF (dispersion compensating fiber) as per [Agrawal, 2002] and a

SOA in-line amplifier at the end. The length of DCF is chosen in accordance with

[Agrawal, 2002] for complete compensation ( 0=D ),

2

11
2 D

LDL −
=     (3.1)

Where 1L , 2L  are the lengths of SMF and DCF and 1D , 2D  are the dispersion

parameters for SMF and DCF. For SMF, the value of dispersion parameter D at the

operating wavelength is 17 ps/km/nm. The corresponding value for DCF is six times

greater with an opposite sign. The loss of SMF is 0.2 dB/km and loss of DCF is 0.55

dB/km. For fully compensating system, the dispersion parameters 2D = -112 ps/km/nm.
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Figure 3.3: Crosstalk variation with launched power of the SOA for different confinement factors.

Figure 3.4: Power penalty variation with signal input power for different confinement factors of

SOA.
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Also second order dispersion parameters for SMF and DCF are D ∂∂ 1 =0.08

ps/nm2/km and D ∂∂ 2 = - 0.48 ps/nm2/km. The power penalty is calculated as per

[Agrawal, 2002]. For good quality of output more than 15 dB at receiver, the penalty is

given in equation (2.26) of Chapter 2.

The simulation result is shown in figure (3.4) for different confinement factors of the

SOA. It is observed that by decreasing the confinement factor the power penalty goes on

increasing which shows good agreement with power penalty analysis.

We observed that for the confinement factor of 0.41, almost negligible penalty is

observed with -15 dBm input signal power. For confinement factor higher than 0.41, zero

penalty is observed for single channel. But in multichannel there is SOA-induced

crosstalk among different channels. Therefore, we can say that there may be a large bit

error rate (BER). From the results, it is concluded that the confinement factor should lie

in between 0.43 and 0.39, where the average amplification, ASE noise and crosstalk are

observed.

3.1.2 Amplifier Model

The standard InGaAlAs traveling wave SOA with negligible residual facet reflectivity is

taken as the amplifier model in our simulation. After solving the rate equations in Chapter

2, the relevant parameters are as follow: the length is 750 µm, the width of active layer is

2 µm, its thickness is 0.2 µm and optimized confinement factor is 0.41. The transparency

of carrier density in the SOA is taken as 1.5 × 1018 cm-3 and the differential gain is 2 × 10-

16 cm2. The carrier recombination time  at this density is estimated to be 300

picoseconds at the given the saturation power sP = 20.84 mW. The unsaturated gain is

ranging from 39.14 dB to 37.44 dB for the input signal ranging from -20 dBm to +10

dBm. The optimum injection current is evaluated to be 400 mA. This shows good

agreements with result reported in [Yamatoya et al., 2004]. Also the faster response was

obtained at higher bias currents. The optical bandwidth of the SOA is 40 nm and the

spontaneous emission factor considered here is 2. The input and output coupling losses of

the SOAs are taken as 3 dB.

3.1.3 20 × 10 Gb/s RZ-DPSK WDM Signal Transmission

The transmission performance of WDM signals with DPSK modulation format is

analyzed by using cascaded SOA. Figure (3.5) shows a schematic setup of 20 × 10 Gb/s
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DPSK WDM system. Twenty Lorentzian laser sources in the wavelength ranging from

1550.38 nm to 1557.63 nm (100 GHz channel spacing) are modulated by each optical

LiNbO3 phase modulator with return to zero (RZ) format. The input of each transmission

channel is -15 dBm. So, the design carries 200 Gb/s WDM RZ signals over different

transmission distances with 70 km SOA spacing. Each span consists of a 60 km standard

single mode fiber (SMF), one or more DCF (dispersion compensating fiber) as per

[Agrawal, 2002] and a SOA at the end. For SMF, the value of dispersion parameter D at

the operating wavelength is 17 ps/km-nm. The corresponding value for DCF is six times

greater with the opposite sign. The loss of SMF is 0.2 dB/km and loss of DCF is 0.55

dB/km. The same fully compensating system is used here as in section 3.1.1. The time

domain simulations have been carried out for this setup as shown in figure (3.5) with

bandwidth 3.25 THz and centre frequency 193.417 THz.

In order to find the behaviour of the SOA with different confinement factors, the crosstalk

and power penalty are observed simultaneously for long haul WDM transmission. The

simulations are carried out for different transmission distances and confinement factors as

shown in figure (3.5). The figure (3.6) shows the power penalty versus transmission

distance for different confinement factors. For the confinement factor of 0.39, the power

penalty goes on increasing up to 2.9 dB for distance 840 km with BER less than 10-10 as

shown in figure (3.6) and (3.7). With further decrease the confinement factor to 0.37

power penalty goes to 19.4 dB, which is higher as compared to observed in 0.39 with

same BER. For confinement factor of 0.45, the power penalty observed is nil but the BER

goes on increasing with increase in the transmission distance. The increase in the BER is

more at higher confinement factors even at zero power penalties. So the maximum

transmission distance is possible with confinement factor just lower to the higher

confinement factor with negligible power penalty and BER less than 10-9.

If the confinement factor is more than 0.43, a high output is observed. But cross gain

modulation (XGM) increases with the increase in confinement factor which causes

degradation in the quality of the output signals. For confinement factors 0.43 and more,

almost the same quality is observed up to saturation of the SOA. For limited transmission

distance up to 700 km, quality of the signal is reasonable. But for transmission distance

more than 700 km, the SOA structure with confinement factor 0.45 goes to deep

saturation as compared to SOA structure with confinement factor 0.43. For transmission

distance beyond 1700 km, poor bit error rate of more than 10-5 is observed. The BER

meter is limited to measure the minimum BER of 22.75 × 10-3.
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Figure 3.5: Schematic setup of transmission system of 20 × 10 Gb/s RZ-DPSK WDM signals.

Figure 3.6: Power penalty as the function of transmission distance for varying confinement

factors.

Table 3.1

Confinement factor versus maximum transmission distance.
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Figure 3.7: Bit error rate as the function of transmission distance for varying confinement factors.

Figure 3.8: Q factor variations with channels for different transmission distances.
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So, almost the same response is observed for both confinement factors 0.45 and 0.43 for

transmission distance more than 1700 km. Table (3.1), shows that in the presence of

crosstalk and power penalty, the maximum transmission distance is observed at

confinement factor 0.41. Hence 0.41 confinement factor shows low power penalty and

crosstalk for long haul WDM transmission distance. So at low crosstalk, low ASE noise

power and low power penalty with good agreement of amplification factor is obtained at

0.41 confinement factor of the SOA in-line amplifier and pre-amplifier.

The transmission distance is further increased in order to find out the longest possible

transmission distance. The Q factor is measure for the different channels with different

transmission distances as shown in figure (3.8). The quality is measured for transmission

distance 3500 km, 4340 km, 4480 km and 4900 km is shown in figure (3.8), which is

same for all channels and more than 15 dB. The quality of signal for all channels goes on

decreasing at low rate with the increase in transmission distance. But power received is

not same for all these transmission distances as in figure (3.9).

At transmission distance of 3500 km, it shows approximately -11.9 dBm power received

for all channels. Also at transmission distance 4340 km, it shows approximately -14.2

dBm power received for all channels. But for transmission distance 4480 km, there is

power penalty of approximately 0.29 dB observed for channel no. 12. The transmissions

of 200 Gb/s DPSK WDM signals are possible up to a distance of 4900 km with the power

penalty approximately 1 dB for all channels. For 4340 km distance, power received is

improved over input power by factor 0.2 dB for most distorted channel no. 12 with

quality more than 15 dB.

The bit error rate variation with the increase in launched power for all the channels is

shown in figure (3.10) for the maximum transmission distance of 4340 km. As we

increase the input power, the BER goes on increasing.  As we increase the signal input

power, the quality of signal goes on decreasing which is due to the cross gain saturation.

The eye diagram observed for 4340 km with power output -14.56 dBm, -14.41 dBm,

-14.84 dBm and -14.25 dBm for channel no. 5, 10, 11 and 20 is shown in figure (3.11).

The optical spectrum of twenty channels for input and output signal power after the

transmission distance of 4340 km is shown in figure (3.12).

As we are increased the confinement factor, the XGM occurs in WDM system. Hence this

is degraded the quality of output signals for WDM multichannel system. If we decrease

the confinement factor, then power penalty is observed in the channels of WDM systems.
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Figure 3.9: Optical power versus different channels for different transmission distances.

Figure 3.10: Bit error rate as the function of launched signal power for all channels for 4340 km.



66

Figure 3.11: Eye diagram after distance 4340 km of channel no. 5, 10, 15 and 20.

Figure 3.12: Optical spectrum for twenty channels at different frequency before and after

transmission distance 4340 km.
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It is also observed that with the increase in differential gain of the SOA structure, the

cross gain modulation is enhanced. As we increase the confinement factor or differential

gain of SOA structure, the saturation power of the SOA structure goes on decreasing.

3.2 Minimization of Cross Gain Saturation in SOA for WDM

Transmission

Today’ s telecommunications networks compete to provide large and cheap bandwidth

and integrated services using different technologies over the same physical infrastructure.

The dense wavelength division multiplexed systems (DWDM) has emerged as an optical

technology to achieve these objectives. Transmission systems based on the optical fiber

(DWDM) technology provide the maximum transmission bandwidth. The optical fiber is

capable of transmitting multichannel over long distances. The revolutionary growth in

internet traffic is forcing network operators to deploy ever-higher transmission capacities

in their terrestrial fiber backbone networks. It will be necessary to offer multi-terabit

capacities over a single fiber, based on the use of this DWDM technology. To cope with

this demand, it is likely that the next generation of wavelength division multiplexing

(WDM) systems will use a 40 Gb/s or more bit rate [Nielsen et al., 2000; Bonati et al.,

1999]. But the cross gain modulation of the SOA is restricted to use it for long haul

transmission distance.

Spiekman et al. [2000] reported 8 × 20 Gb/s transmission over 160 km with SOAs span

of 47.9 km and optimize the transmission system design parameters. Spiekman et al.

[2003] reported 8 × 40 Gb/s transmission over 160 km by gain clamping to operate SOA

in linear region. Settembre et al. [2004] reported the soliton propagation is preferred for

long transmission distance. The transmission distance is further improved by using in-line

sliding filters.

Till date, maximum transmission distance is reported up to 1190 km with capacity 20 ×

10 Gb/s using differential phase shift keying (DPSK) modulation format. Also the

maximum transmission distance reported is 160 km with 40 Gb/s bit rate for eight

channels. There is no previous literature found to optimize the differential gain of SOA in

terms of power penalty for WDM transmission. In this work, the optimization of

differential gain of SOA is reported for improvement in the transmission distance at 40

Gb/s.



68

3.2.1 Optimization of Differential Gain in SOA Model

To optimize the SOA model, the block diagram of simulation setup is shown in figure

(2.1) of Chapter 2 for SOA in-line amplifier parameters as in section 3.1.2. In the figure,

data source is soliton return to zero format at 40 Gb/s bit rate. The electrical driver

converts the logical inputs signal (a binary sequence of zero and one) into electrical

signal. A continuous wave (CW) Lorentzian light source with different power and data is

launched into optical phase modulator in terms of electrical signal with RZ-DPSK format.

The soliton RZ data was pseudorandom binary sequence (PBRS) with word length 29-1 at

40 Gb/s. The full wave half maxima (FWHM) line_width of CW light source is 1 MHz.

The low pass Bessel filter having 3 dB bandwidth of 40 GHz for generation of data

source in terms of RZ format. Then the DPSK signal is launched into the SOA as in

section 3.1.2 with variation in differential gain. At the output, a raised cosine optical filter

with bandwidth 60 GHz is used. The output of filter is fed into the DPSK receiver for

detection of the signal.

The DPSK receiver is composed of the tunable Mach-Zehnder interferometer having two

optical output ports. In the interferometer, optical paths are differing by a delay that must

be set equal to one bit time duration. Each optical output is detected by an ideal PIN

photo detector and the output electrical signal is the difference between the detected

currents. The time domain simulations are carried out with simulation bandwidth 2.14

THz with centre wavelength 1550.04 nm.

Simulations are carried out for different differential gains of an SOA in-line amplifier,

which is used for wavelength division multiplexing system. The graph between the

amplification factor and input signal power for different differential gains is shown in

figure (3.13). It is observed that amplification factor goes on decreasing with increase in

input signal power. This is due to the power saturation that occurs with increase in the

power. For 1 × 10-16 cm2 (100 atto cm2) differential gain, the amplification factor is quite

low and remains constant with the variation of input power. But for 2 × 10-16 cm2

differential gain, good amplification factor more than 17 dB is obtained at -25 dBm input

signal power. It is observed that amplification factor goes on increasing with increase in

differential gain.

The noise power generated in SOA due to spontaneous emission is observed in figure

(3.14). It is observed that as with the increase in input signal the ASE noise goes on

decreasing in SOA due to gain saturation.
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Figure 3.13: Amplification factor varies with signal input power at different differential gains.

Figure 3.14: Amplified spontaneous power versus signal input power for different differential

gains.
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After saturation, the amplification stops with further increase in input power. The

amplified spontaneous emission (ASE) noise power is 130.66 µW for differential gain up

to 2 × 10-16 cm2 at input signal -20 dBm, which is less than as reported in case [Yamatoya

et al., 2004]. For differential gain 3 × 10-16 cm2,  the ASE noise power is very high as

compared to reported in [Yamatoya et al., 2004]. So the observed ASE noise power for

differential gain 2 × 10-16 cm2 is less with sufficient amplification factor.

In order to see the influence of SOA-induced crosstalk, simulation is carried out for two

or more channels. The simulation setup is similar to figure (3.6), which consists of only

two channels having soliton RZ-DPSK format and a SOA without single mode and

dispersion compensating fiber. The crosstalk is reported [Oberg and Olsson, 1998] as

( ) ( )
( )off,in,out

on,in,outoff,in,out

PP
PPPP

crosstalk
=

== −
=

21

2121
    (3.2)

Where in2,P  is input power, out1,P  is amplified output power and index 1 and 2 are two

signal wavelengths. The crosstalk of these two channels is observed by varying the input

signal power for different differential gains as shown in figure (3.15). It is observed that

with the increase in differential gain, the crosstalk increase, which shows a good

agreement with above multichannel crosstalk analysis.

It is found that at differential gain 2 × 10-16 cm2, the crosstalk is -7.21 dB with input

power -25 dBm at 200 GHz channel spacing, which shows an agreement with the result

reported in [Choi et al., 2002]. It is also observed that with the increase in launched

power for different differential gains, there is increase in the channel crosstalk. It is

concluded that low crosstalk and ASE noise power with good agreement of amplification

factor is obtained at 2 × 10-16 cm2 (200 atto cm2) differential gain of SOA.

3.2.2 SOA Parameters

The InGaAlAs traveling wave SOA with negligible residual facet reflectivity is taken as

the amplifier model in our simulation. After solving the rate equations above, the relevant

parameters are as follows: the length is 750 µm, the width of active layer is 2 µm, its

thickness is 0.2 µm and optimized confinement factor is 0.41. The transparency carrier

density in the SOA is taken 1.5 × 1018 cm-3 and the differential gain is estimated to be 210

atto cm2. The carrier recombination time  at this density is 0.3 ns with the saturation

power sP = 19.85 mW. The optical gain of SOA is ranging from 37.99 dB to 36.22 dB for

input signal -40 dBm to +10 dBm.
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The optimum injection current is evaluated to be 400 mA, which is same as reported in

result [Yamatoya and Koyama, 2004], as faster response was obtained at higher bias

currents. The optical bandwidth of SOA is 40 nm and considered spontaneous emission

factor is 2. The input and output coupling losses of SOAs are taken as 3 dB.

3.2.3 Simulation of WDM Transmission at 10 × 40 Gb/s Soliton RZ-DPSK Signals

The analysis is also made for the transmission performance of WDM signals with RZ-

DPSK modulation format using cascaded SOA in-line amplifiers. Figure (3.16) shows a

schematic setup of 10 × 40 Gb/s DPSK WDM system. In this figure, each transmitter

section consists of data source, laser source, electrical driver and optical phase modulator.

The data source is soliton return to zero format at 40 Gb/s. The electrical driver converts

binary sequence into electrical signal. Ten Lorentzian laser sources in the wavelength

range 1546.4 nm to 1553.63 nm (100 GHz channel spacing) are modulated by each

optical LiNbO3 phase modulator with return to zero (RZ) soliton format.

The input of each transmission channel is -14 dBm. So, the design carries 400 Gb/s RZ-

DPSK WDM signals over different transmission distances with 70 km SOA spacing.

Each span consists of a 60 km standard single mode fiber (SMF), one or more DCF

(dispersion compensating fiber) and an SOA at the end. The length of dispersion

compensating fiber (DCF) is chosen in accordance with [Agrawal, 2002] for complete

compensation ( 0=D ). The length and dispersion parameter of SMF and DCF is same

as in section 3.1.4. After the number of repeated spans, the same SOA is used as pre-

amplifier. The time domain simulations have been carried out for this setup as shown in

figure (3.16) with bandwidth 2.29 THz and centre frequency 193.415 THz. In order to

find the behaviour of SOA with different differential gains, the Q factor and power

received is observed simultaneously up to 15 × 70 km (15 spans) WDM transmission with

channel spacing 200 GHz. The simulations are carried out for the setup as shown in figure

(3.16) for different differential gains by varying the transmission distance.

Figure (3.17) shows the plot of power received versus transmission distance for different

differential gains of the SOA. For the distance of 350 km, all differential gain from 190

atto cm2 to 210 atto cm2 show good amplification with sufficient quality for all channels.

For the differential gain 2 × 10-16 cm2 (200 atto cm2), the power received goes on

decreasing slowly after 350 km distance. But for differential gain 1.9 × 10-16 cm2 (190

atto cm2), the power received goes on decreasing rapidly.
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Figure 3.15: Crosstalk variations with launched power of SOA for different differential gains.

Figure 3.16: Schematic setup of transmission system for 10 × 40 Gb/s RZ-DPSK WDM signals.
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The large drop of power received occurs after 1050 km transmission distance, even good

quality is observed as shown in figure (3.18). With the increase in differential gain 2 ×

10-16 cm2, the power penalty decreases. For the transmission distance of 1050 km,

amplified power is received for the differential gain 2 × 10-16 cm2, but the quality of the

signal falls as shown in figure (3.18).

The graph between bit error (BER) rate and received power is shown in figure (3.19) for

transmission distance of 1050 km. It is seen that as the differential gain is increased, the

BER increases. For differential gain of 1.9 × 10-16 cm2, the power penalty is observed to

be around 8 dB with good BER up to saturation power. The increase in BER is more than

10-6 at higher differential gain i.e. 2.5  ×  10-16 cm2, even nil power penalty is observed.

When the differential gain is 2 × 10-16 cm2, the maximum transmission distance is

achieved with nil power penalty and BER less than 10-25 up to saturation power. But with

differential gain of 2.1 × 10-16 cm2 for transmission distance of 1050 km, it shows the

received power per channel more than 1.98 dBm by applying -20 dBm input power per

channel only. This shows an improvement over transmission distance and capacity as

reported in [Spiekman et al., 2003].

The further increase in the transmission distance in simulations setup finds the maximum

possible transmission distance. Simulations are performed with channel spacing 100 GHz

for both differential gain 200 atto cm2 and 210 atto cm2 of the SOA. The applied input

power is -14 dBm per channel. The Q factor is observed for ten channels with different

transmission distances as shown in figure (3.20). The observed quality is more than 15 dB

for transmission distance 700 km, 1050 km, 4550 km as in figure (3.20). The maximum

transmission distance observed for differential gain 210 atto cm2 is 1050 km with quality

more than 15 dB of received signal for all channels and received power is more than 2.3

dBm per channel. This shows an improvement over the results reported [Li. et al., 2004;

Spiekman et al., 2003].  As we increase the distance 1120 km, there is drop in quality of

some channel as shown in figure (3.20). This is due to the cross gain saturation which

occurs in SOA, this means high value of differential gain of the SOA.

But as differential gain is decreased to 200 atto cm2, the transmission distance observed is

more than 4550 km with received power -13.75 dBm per channel. Hence, nil power

penalty is observed. The received power is more than -13.75 dBm for all channels at

transmission distance 4550 km with differential gain 200 atto cm2 of the SOA in-line

amplifiers as shown in figure (3.21).
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Figure 3.17: Power received as function of transmission distance for varying differential gains.

Figure 3.18: Q factor as function of transmission distance for different differential gains.
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Figure 3.19: Bit error rate as function of received power for varying differential gains for

transmission distance 1050 km with channel spacing 200 GHz.

Figure 3.20: Q factor variations with channels for different transmission distances.
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Figure 3.21: Optical power versus different channels for different transmission distances.

Figure 3.23: Optical spectrum for twenty channels at different frequency before and after

transmission distance 4340 km.

Figure 3.22a: Eye diagram after
distance1050 km of channel no. 5.

Figure 3.22b: Eye diagram after
distance 4340 km of channel no. 5.
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But, for higher transmission distance of more than 4550 km, there is possibility of power

penalty occurring at some channels. Therefore transmission of 400 Gb/s soliton RZ-

DPSK WDM signals is possible up to distance of 4550 km without any power penalty

which is a large improvement over [Spiekman et al., 2003; Singh and Kaler, Dec. 2005].

The eye diagram for transmission distance 1050 km at differential gain 210 atto cm2 is

shown in figure (3.22a), with received power 2.4 dBm for channel no. 5. Similar eye

diagram is observed that has been shown in figure (3.22b) for transmission distance 4550

km with differential gain 200 atto cm2. For this, received power is -13.74 dBm. The

optical power spectrum of ten channels for input signal and output spectra, after

transmission distance 1050 km and 4550 km, for differential gain 210 atto cm2 and

differential gain 200 atto cm2 is shown in figure (3.23).

With increase in transmission distance, the quality of signal per channel goes on

decreases using SOA in-line amplifiers. The experimental results reported in [Li. et al.,

2004] validate our simulation results.

3.3 SOA for 10 × 80 Gb/s WDM Transmission by Using Soliton RZ-

DPSK Format

Next generation of wavelength division multiplexing (WDM) systems would use a 40

Gb/s or more bit rate [Nielsen et al., 2000; Bonati et al., 1999] To cope with this demand,

there is need of research at 80 Gb/s by using optimized SOA for multichannel WDM

communication system.

Spiekman et al. [2003] reported 8 × 40 Gb/s transmission over 160 km by gain clamping

to operate SOA in linear region. Till date, maximum bit rate reported is 40 Gb/s. For this,

maximum WDM transmission distance is 160 km for eight channels [Spiekman et

al.,2003]. There is no previous literature found at high bit rate 80 Gb/s and more by using

SOAs. Also, further optimization of structural parameters of SOA is needed in order to

decrease the SOA induced crosstalk with nil power penalty for WDM transmission.

3.3.1 Simulation and Results

The standard InGaAlAs traveling wave SOA with negligible residual facet reflectivity is

taken as the amplifier model in our simulation. The relevant parameters are same as in

section 2.2.2 of the Chapter 2. Figure (3.16) shows a schematic setup of 10 × 80 Gb/s

WDM system.
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Figure 3.24:  Q factor varies with received signal power for different modulation formats.

Figure 3.25:  Bit error rate as the function of received signal power for different carrier lifetimes.
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Ten lorentzian laser sources in the wavelength ranging from 1528.42 nm to 1572.19 nm

(200 GHz channel spacing) are modulated by each optical LiNbO3 phase modulator with

different modulation formats.

The different modulation formats are analyzed without any transmission distance and

SOA. The results shown in figure (3.24) represent that soliton return to zero format shows

highest quality with variation of average received power per channel. Also from the

previous results reported [Xu C. et al., 2003] show RZ-DPSK could provide 3 dB

reduction in required received OSNR for given bit error rate (BER). If we use soliton RZ

format, this shows highest Q factor as shown in figure (3.24). So this format is used for

transmission of signals over long distance.

The transmission performance of WDM signals is analyzed using cascaded SOA.

Therefore, the design carries 800 Gb/s soliton RZ WDM signals over 350 km with 70 km

SOA spacing. Each of span consists of same standard single mode fiber (SMF) and DCF

as in section 3.1.2. In order to measure the performance of SOA in multichannel, the time

domain simulations have been carried out for the setup as shown in figure (3.16) at 80

Gb/s with bandwidth of 5.46 THz and centre frequency of 193.415 THz.

The bit error rate is the function of received power for the transmission distance of 350

km is shown in figure (3.25). If large carrier lifetime of 0.3 ns is taken, then zero power

penalty is observed with bit error rate (BER) less than 10-13. By increasing the carrier

lifetime to 0.35 ns, the power saturation occurs. Hence, the received signals have BER

more than 10-8. But if the carrier lifetime 0.25 ns is decreased, then large power penalty is

observed for received signals with the BER same as that when the carrier lifetime is 0.3

ns. Hence cross gain saturation is decreased with increase in carrier lifetime which is

same as that reported in [Xu S. et al., 2003].

Figure (3.26) shows the plot of power received versus transmission distance for different

differential gains of the SOA. For the distance 350 km, all differential gain from 190 atto

cm2 to 210 atto cm2 show good amplification with sufficient quality for all channels. For

the differential gain of 1.5 × 10-16 cm2, large power penalty is observed with good quality

of signal. But for differential gain of 2.5 × 10-16 cm2, the power received goes on

increasing rapidly while the quality of signal goes on decreasing. As the differential gain

is slightly increased to 2 × 10-16 cm2, the power penalty decreases at good quality of

signal.

The graph between Q factor and received power for different length of SOA is shown in

figure (3.27) for transmission distance 350 km.



80

Figure 3.26:  Q factor as the function of received signal power for different differential gains.

Figure 3.27:  Q factor as the function of received signal power for different active region lengths.
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Figure 3.28: Q factor against transmission distance for different channel spacing with launched

power -14 dBm.

Figure 3.29: Q factor variations with channels for different transmission distances.
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It is seen that as the length of active region of SOA is increased, the quality of signal

increases. For length of 0.65 mm, the quality of signal goes on decreasing with increase in

input signal. This is due to power saturation. For length of 0.85 mm, the power penalty

observed is around 9 dB with good Q factor up to saturation power. At active region

length of 0.75 mm, the maximum transmission distance is achieved with nil power

penalty and Q factor more than 16 dB up to saturation power. Hence optimum carrier

lifetime, differential gain and length of active region are obtained.

The simulation is also carried out for different channel spacing for 10 × 80 Gb/s soliton

RZ WDM signals over 350 km single mode fiber with the SOA spacing 70 km. Keeping

all parameters in the simulation setup same as that in section 3.2.3 and taking input of

each transmission channel to be -14 dBm with channel spacing 400 GHz, the dependence

of average Q factor on the transmission distance is shown in the figure (3.28). It is

observed that the Q factor decreases as the transmission distance is increased. Again, if

the wavelength spacing is decreased, the Q factor decreases. This is because of the

nonlinear effects induced by SOA amplifier. If the power over the length is kept constant

and at low level, then signal to noise ratio will improve over distances.

The dependence of Q factor for different channels is measured as shown in figure (3.29)

by taking input signal power -14 dBm per channel with channel spacing 200 GHz. The

measured quality for transmission of 630 km, 770 km and 910 km as in figure (3.29) is

more than 15 dB. The power received is more than -3 dBm per channel for all these

transmission distances. For transmission distance 910 km, the observed quality is 15 dB

at distorted channel. But for transmission distance 980 km, there is Q penalty of 0.03 dB

approximately for one channel.

3.4 Analysis and Minimization of Cross Phase Modulation in SOA for

WDM Optical Communication Systems

When the SOA is working in saturation regime, it has high nonlinearity which restrains it

from being used in long distance WDM transmission system. The nonlinear effects of

SOA are cross gain modulation (XGM), cross phase modulation (XPM) and four wave

mixing (FWM) which produce cross talk among WDM channels and limits the

transmission distance.

The gain saturation of the SOA produces phase noise, which will affect the performance

of DPSK signals. Wei et al. [2004] reported the penalty more than 7 dB, when a return to



83

zero DPSK signal with finite optical signal to noise ratio was amplified by a saturated

SOA. They reported that the SOA alters the noise characteristics and introduces extra

phase noise to optical signal.

Kikuchi et al. [1991] reported that phase noise is induced by carrier density fluctuation

associated with intensity noise and spontaneous carrier recombination. They

demonstrated that phase noise limits to the numbers of repeater amplifiers for single

channel. Wei et al. [2005] reported that phase noise impact is less at higher bit rates. They

suggested that saturated induced phase noise can be significantly reduced by increasing

the bit rate and carrier lifetime of SOA for single channel DPSK signal amplification.

Different solutions by researchers are reported in section 2.2.1 of the Chapter 2 to

minimize these nonlinearities for long distance transmission in WDM system. We

investigated 10 × 40 Gb/s solution for RZ-DPSK WDM signal transmission over 4550

km by changing the structure according to cross gain saturation analysis.

Till date, no work has been reported for the evaluation of XPM noise in multichannel

WDM system. Also, the maximum transmission distance of 4450 km is reported by using

cascaded SOA for 10 × 40 Gb/s soliton DPSK signals [Singh and Kaler, 2006].

In this chapter, the cross phase noise induced by the SOA gain saturation is analyzed. The

analysis for differential phase errors provides the relations with the SOA parameters. This

relation analyzes that the impact of saturated induce cross phase noise on the BER

performance can be reduced in SOAs by reducing the differential gain and by increasing

carrier lifetimes. Xu et al. [2003] is reported that for type-II quantum well SOAs with

increased carrier lifetime and reduced differential gain have been proposed to reduce the

crosstalk and distortion in WDM system with the OOK modulation. A similar result of

SOAs with longer carrier lifetimes is suitable for single channel DPSK signal [Wei et al.,

2005]. There are also other parameters like confinement factor, width and bias current

which are optimized by using the XPM analysis. If this SOA is successfully fabricated,

then it can be utilized for WDM DPSK applications.

3.4.1 XPM Analysis in the SOA

The phase noise is generated in the SOA by direct phase noise from amplified

spontaneous emission (ASE) and carrier density fluctuation due to intensity noise

spontaneous emission and non carrier recombination [Xu C. et al., 2003]. It is observed

that the ASE noise generated by the SOA is negligible for low bias current. The large

penalty and noise occurs when noise is loaded at the input of the SOA [Wei et al., 2004].
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Wei et al. [2004] demonstrated that the performance of RZ-DPSK signal was not affected

when the noise loaded after the SOA. They also reported that the carrier recombination

process is stochastic. The gain coefficient of the SOA is recalled from section 2.1.2 of the

Chapter 2 as

( ) ( )[ ] LaNt,zNt,zg t−=     (3.3)

Where L  is the length of active region of SOA. The crosstalk can be suppressed by

keeping the gain coefficient constant.

The phase noise generation through carrier density fluctuation is due to the intensity

noise. The carrier density fluctuation in SOA induces a phase shift to light wave [Agrawal

and Olsson, 1989]. The SOA cross phase modulation closely relate with cross gain

modulation. The phase shift induced by the presence of signal in the SOA is related to

gain coefficient ( )zt,g . Also the phase shift induced by presence of signal in SOA is

[Agrawal and Olsson, 1989]

( ) ( ) ( )tGLt,zgt elog
22

==     (3.4)

Where is the line_width enhancement factor. ( )tG  is the saturated amplifier gain of

the SOA. This phase shift depends upon the total output intensity of previous SOA in

cascade.

In order to optimize the semiconductor optical amplifiers in multichannel WDM, taking

the rate equation that governs the carrier density in the SOA gain region [Xu et al., 2003]
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Where t  is the time, z  is the position along the propagation direction of light, J  is the

injection current density, ( )zt,N  is the carrier density, at  is the thickness of active region,

 is the carrier recombination time, a  is the differential gain, tN  is the transparency

carrier density, M is the total number of channels, ( )zt,Pi  is the power in the ith channel,

hf  is the energy of photon, w  is the width of waveguide, efft is the effective thickness of

the waveguide and effa tt=  is the confinement factor.

As with the variation in time, the distance moved by the photon varies as tt =1  and

Lzz =1  considered here. The solution of gain for variable condition as in Chapter 2 is

given by
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Where 1P  and ( )11,ztN  are the time variation of power and carrier density. Also

derivative power coefficient is taken as ( ) 111 t,ztPPL ∂∂=  and the derivative carrier

density, ( ) 111 t,ztNN ∂∂=  for reducing the complexity of the system.

The phase shift induced by the presence of signal in the ith SOA with variation in time is

( ) ( ) ( )tGL,ztgt ielog
22

11
1 ==     (3.7)

The differential phase error as [Wei et al., 2005] given by
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Where, k is the number of SOAs in multichannel optical communication system. When

variations in time phase shift occur, there is position of phase also varies with time. So we

can write differential phase error as the function of time and position of photon.
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The variation in gain is

( ) ( ) gt,zg,ztg +=11   (3.11)

Where g is the small dynamic variation of ( )11,ztg around ( )t,zg . Its solution as
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Also differential phase error is
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Equation (3.13) shows that the differential phase variation depends on the variation of

bias current, carrier lifetime, confinement factor and power of the signals. If the carrier

lifetime is longer, then smaller will be the phase shift which produces interchannel

crosstalk which is same as reported in [Wei et al., 2005; Xu et al., 2003]. Similarly, by

decreasing the differential gain, it results in reduction of phase fluctuation i.e. less

crosstalk. By increasing the bias current, the SOA-induced crosstalk increases, which

leads to increase the cross phase saturation in the SOA. Also equation (3.13) shows that

increase in launched power leads to increase in the cross phase modulation (XPM).

3.4.2 Power Penalty due to XPM in SOA

The power penalty occurs as

( ) io
t

io
penalty PLNqI

PLVP 2−
−

=   (3.14)

Where power variation is represented as ( ) ioi Pzt,zP =∂∂ . Equation (3.14) shows that the

differential gain and the carrier lifetime are inversely proportional to power penalty. As

we increase the differential gain, the power penalty goes on decreasing but the quality of

signal should be recognizable for power margin and forward error check should be

maximum up to 15 dB. It is also shown from equation (3.14), as with the increase in input

power the power penalty goes on increasing. It is summarized that if the cross phase

modulation is (XPM) reduced below a level then, there is improvement in power penalty

result.

3.4.3 Bit Error Rate Estimation due to XPM in SOA

Differential phase error as the function of time and position of photon
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The variance of differential phase error is
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Where ( )zt,m  is the mean value of differential phase shift.
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Where subscript m is denoted as the mean value. By using Gaussian approximation and

estimate the BER through the differential phase Q factor [Wei et al., 2005].
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When power penalty occurs
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The bit error is estimated as
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When there is no cross phase noise, then the BER for DPSK is
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So from equation (3.20) and (3.21), we conclude that bit error rate degradation occurs due

to cross phase noise among the WDM channels.

3.4.4 SOA Structure Parameters

The InGaAlAs traveling wave SOA with negligible residual facet reflectivity is taken as

the amplifier model in our simulation. After solving the rate equations above, the relevant

parameters are as follows, almost similar to that used in XGM: the length is 750 µm, the

width of active layer is 2 µm, its thickness is 0.2 µm and optimized confinement factor is

0.41. The transparency carrier density in the SOA is taken as 1.5 × 1018 cm-3 and the

differential gain is estimated to be 200.002 atto cm2. The carrier recombination time  at

this density is 0.3 ns with the saturation power sP = 20.82 mW.

The gain of SOA is ranging from 39.13 dB to 34.10 dB for the input signal ranging from -

30 dBm to +15 dBm. The optimum injection current is evaluated to be 400 mA, which is

same as reported in result [Yamatoya and Koyama, 2004], and faster response has been

obtained at higher bias currents. The input and output coupling losses of SOAs are taken

as 3 dB.
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3.4.5 Model Validation

In order to optimize the structure of the SOA, there is a need to reduce the SOA induced

XPM which occurs due to multichannel system. The block diagram of simulation setup is

shown in figure (3.16) for the SOA parameters in section 3.4.4. But here, this consists of

only two channels and a single SOA without single mode fiber (SMF) and dispersion

compensating fiber (DCF). The data sources are soliton return to zero formats at 40 Gb/s

bit rate. Each channel consists of electrical driver that is used to convert the logical input

signal into electrical signal. A continuous wave lorentzian light source with power -14

dBm and signal source are launched into optical phase modulator. The soliton return zero

(RZ) data was pseudorandom binary sequence with word length 210-1 at 40Gb/s. The full

wave half maxima line_width of continuous wave (CW) light sources is 10 MHz each.

For each channel, the low pass Bessel filter have 3 dB bandwidth of 20 GHz for the

generation of data source in terms of RZ format. Therefore, these two channels combined

and launch into the SOA as in section 3.4.4 with variation of different parameters. At the

output a raised cosine optical filter with bandwidth 50 GHz is used for both the channels.

The time domain simulations are carried out with simulation bandwidth 2.29 THz which

can be of wavelength 1550 nm.

The simulations are carried out for different bias currents of the SOA, which are further

used for WDM system. The graph between phase and time is shown in figure (3.31a) for

a channel in presence of other channels. It is observed that phase is increased with

increase in bias currents, which shows good agreement with the above analysis in

equation (3.7). It is also observed from figure (3.31b) that with increase in the bias

currents the output also increases in this channel.

It is observed that if the bias current is decreased from 400 mA, huge power penalty is

observed. Similar results are observed in [Yamatoya and Koyama, 2004]. From figure

(3.31a), it is noticed that for a bias current of 500 mA and more, the positive phase shift is

received. Hence, with the increase in the bias current above 500 mA power would also

increase from saturation power by lot of amount.

When these SOAs are cascaded for injection current of 500 mA or more then, gain

saturation occurs in the SOA due to large improvement in the amplified spontaneous

emission noise. Therefore, cross phase noise is increased. The optimum injection current

is 400 mA, which is same as reported in result [Yamatoya and Koyama, 2004] and also

faster response has been obtained at higher bias current.
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Figure 3.30: Schematic setup of transmission system for 10 × 40 Gb/s RZ-DPSK WDM signals.

Figure 3.31a: Plot between phase noise and time for different bias currents.
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Figure 3.31b: Plot between received power and time for different bias currents.

Figure 3.32a: Plot between phase noise and time for different carrier lifetimes.

Figure 3.32b: Plot between phase noise and time for carrier lifetimes.
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Figure 3.33a: Plot between phase noise and time for different differential gains.

Figure 3.33b: Plot between phase noise and time for differential gains.

Figure 3.34a: Plot between phase noise and time for different confinement factors.
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Figure 3.34b: Plot between received power and time for different confinement factors.

Figure 3.35a: Plot between phase noise and time for different widths of SOA.

Figure 3.35b: Plot between phase noise and time for differential widths of SOA.

Figure 3.31– 3.35: Cross phase modulation in two channels at 40 Gb/s with transmitter bandwidth

20 GHz and receiver bandwidth 50 GHz for channel spacing 200 GHz. Also

laser bandwidth is 10 GHz.
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The phase noise variation due to carrier lifetime is shown in the figure (3.32a). It is

observed that difference phase error reduces with the increase in carrier lifetime. This

result shows good agreement with [Wei et al., 2005; Xu et al., 2003] and analysis

equation (3.7). From figure (3.32a), we observed that at 0.2 ns carrier lifetime has large

differential phase error and large power drop for the same channel. If carrier lifetime is

more than 0.3 ns, then large drop in phase shift is observed as shown in figure (3.32a).

But with drop in phase for large life time, there is increase in received power as shown in

figure (3.32b). This large power forces the SOAs in power to deep saturation in cascaded

transmission. Figure (3.33a) shows the variation of phase with differential gain of the

SOA. The differential gain variation has little effect on cross phase noise. But if the

differential gain drops from 180 atto cm2 then, large power penalty is observed as shown

in figure (3.33b). The phase noise and power increase with improvement in differential

gain. This shows good agreement with XPM of the SOA equations (3.13), (3.14) and in

[Xu et al., 2003].

Similarly, the phase shift variation of the confinement factor and width of the SOA is

shown in figures (3.34a) and (3.35a). With improvement in confinement factor, there is

improvement in the phase shift and power of same channel which are shown in figures

(3.34a) and (3.34b). Also with increase in the width of the SOA, the phase shift and

power drops as shown in figures (3.35a) and (3.35b). From figures (3.31) to (3.35), the

variation of phase shift is estimated. Further optimization of structural parameters of the

SOA can be obtained only, when SOA is used for long haul wavelength division

multiplexing (WDM) transmission system.

3.4.6 Optimization of the SOA Model for Long Haul WDM Transmission Links

If the SOA is used as an in-line amplifier in wide area network, fiber dispersion effect

must be taken into account. So, in long haul transmission links, the total input power is

redistributed after each span and different output powers are obtained after each span of

fiber and SOA. Figure (3.16) shows a schematic setup of 10 × 40 Gb/s RZ-DPSK soliton

WDM link. In this, ten channels are transmitted at a bit rate of 40 Gb/s over a distance of

70 km in single mode, dispersion compensating fiber, an SOA at end and another similar

SOA is used as the pre-amplifier. The XPM behaviour is measured here for channel

number 8 only.

The XPM effects on the SOA with different confinement factors and bias currents for 70

km transmission links as shown in figures (3.36a) and (3.36b).



94

Figure 3.36a: Plot between differential phase error with confinement factors and bias currents.

Figure 3.36b: Plot between received power with confinement factors and bias currents.
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With the drop in the confinement factor, the differential phase error goes on decreasing

and received power goes on increasing. The confinement factor around 0.4 shows the

minimum differential phase error with sufficient output power. The differential phase

error goes on increasing with increase in the bias current, similarly optical power received

is also increased. At 300 mA, minimum differential phase error is observed with power

penalty more than 17 dBm. Then differential phase error starts increasing. At 400 mA

bias current, 0.26 degree differential phase error is obtained with sufficient output optical

power. For bias current more than 400 mA, the differential phase noise drops. This bias

current is not considered for long transmission link because bias current above 400 mA

has large improvement in output optical power. The SOA with bias current larger than

400 mA will saturate the SOAs for cascaded long haul transmission. Also, the bias

current more than 400 mA produces large amplified spontaneous emission noise.

Therefore 400 mA bias current is found to be optimum and best [Yamatoya and Koyama,

2004].

The carrier lifetime and width of the SOA is also analyzed for channel number 8 with

transmission distance 70 km shown in figures (3.37a) and (3.37b). As with increase in the

carrier lifetime of the SOA, the differential phase error goes on decreasing. This result

shows good agreement with results reported in [Wei et al., 2005]. The power penalty is

observed up to the carrier lifetime of 0.25 ns. But, for carrier lifetime of 0.35 ns and more,

the high optical output signal is observed which will saturate the SOAs for cascaded

transmission links. Similarly, as the width of the SOA is increased, the differential phase

error approaches the negative value. But, the width of the SOA beyond 2 µm leads to

large power penalty as shown in figure (3.37b).

Now the maximum transmission distance of 4550 km is considered. Therefore, 65 spans

(70 × 65 km) have to be used. For this transmission distance, the confinement factor and

differential gain of the SOA are optimized for decreasing the complexity.

In previous analysis, it is found that for confinement factor less than 0.4 shows power

penalty in cascade transmission system. Also with slight decrease in differential gain

from 199 atto cm2, power penalty is observed. At 210 atto cm2 large cross phase

modulation (XPM) is observed. The table (3.2) represents the differential phase shift for

different confinement factor of the SOA for channel number 8 with transmission distance

4550 km. It is observed that for the confinement factor 0.4 there is large power drop but

quality of signal is the best. Hence, it shows agreement with equation (3.19).
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Figure 3.37a: Plot between differential phase error with inverse of carrier life tines and widths.

Figure 3.37b: Plot between received output power with inverse of carrier lifetimes and widths.



97

Table 3.2

Differential phase shift with different confinement factor for a channels number 8 with bit rate of

40 Gb/s for transmission distance 4550 km.

Table 3.3

Differential phase shift with different differential gains for a channels number 8 with bit rate of 40

Gb/s for transmission distance 4550 km.

Confinement
Factor ( )

0.400 0.410 0.415 0.420 0.500

Differential Phase Error
) (degree)

-0.874 -0.628 -0.626 -0.385 -0.386

Optical Received Power
(dBm)

-54.70 -13.75 -1.84 0.45 1.15

Quality Factor (dB) 20.89 17.39 10.88 9.41 Below 6

Differential gain
 (atto cm2)

199 200 200.1 200.5 201 202

Differential Phase
Error ( )

(degree)

-0.87 -0.63 -0.64 -0.38 -0.26 0.020

Optical Received
Power (dBm)

-21.6 -13.8 -13.1 -10.68 -7.21 -3.8

Quality Factor
(dB)

18.3 17.4 17.3 17.20 15.42 12.09
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Figure 3.38: Plot between Q factor and channels for different differential gains and confinement

factors.

Figure 3.39: Plot between received optical power and channels for different differential gains and

confinement factors.
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Also for the confinement factor of 0.415 onwards, there is drop in the quality of channel

number 8 due to increase in XPM. This shows that variance of XPM is large, so as from

equation (3.18), the Q factor drops and also bit error rate (BER) increases from 10-9.  The

table (3.3) shows the observed differential phase shift with different differential gains for

channel number of 8 for the transmission distance of 4550 km. As for differential gain

199 atto cm2, large power penalty of 6.56 dBm is observed. This meets with above

analysis as in equation (3.19). It is also observed that quality factor goes on decreasing

with the increase in differential phase error. For differential gain 201 atto cm2 and

beyond, there is drop in quality due to increase in the differential phase error.

It is summarized that confinement factor of 0.41 and different gain of 200.1 atto cm2 are

best for further transmission. For the larger transmission distance, the differential spans

used are 72, 73 and 75 spans. First of all we change the confinement factor 0.412 and

0.413 for differential gain 200 atto cm2.

For confinement factor 0.413, there is drop in the quality of all channels. Even power

received is more than -5 dBm for 5110 km transmission distance as shown in figure

(3.38) and (3.39). This is due to increase in XPM and XGM in SOAs. For confinement

factor 0.412, we have observed that quality factor is more than 17.5 dB for each channel

for transmission distance 5040 km as shown in figures (3.38) and (3.39). For this, nil

power penalty is observed. This shows a large improvement of transmission distance over

the results reported in [Li et al., 2004].

Now the differential gain of 200.1 atto com2 and 200.2 atto cm2 are chosen with

confinement factor 0.41. For the differential gain of 200.1 atto cm2, the maximum power

penalty of 0.46 dBm is observed for some channels, even quality of all channels are

sufficient for transmission distance 5110 km. From equation (3.14), with slight increase

in differential gain of 200.2 atto cm2 nil power penalty is noted for transmission distance

5250 km, as shown in figure (3.39). As shown figure (3.38), the observed quality for all

channels is more than 15 dB.

3.5 Conclusions

In this Chapter, it is investigated that the twenty channels at 10 Gb/s WDM is transmitted

over a distance of 4340 km by using the SOA as in-line and pre-amplifier with the DPSK

modulation format at 100 GHz channel spacing. For this, the confinement factor of the

SOA is optimized for reducing the SOA-induced crosstalk and power penalty at sufficient

amplification. The low crosstalk -9.63 dB, high optical gain 39.13 dB with the low ASE
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noise power 119.2 µW are achieved for the input of -15 dBm for the SOA. Therefore, the

cross gain saturation of the SOA depends upon the confinement factor and the bias

current. The DPSK system performs best for the transmission distance of 4900 km with

bit error rate observed less than 10-10 for all channels with power penalty of 1 dB.

The optimization of the differential gain of the semiconductor optical amplifier at 40 Gb/s

is also done. The soliton RZ-DPSK WDM signals with high capacity up to 0.4 Tb/s is

transmitted up to a transmission distance of 1050 km successfully by using the optimized

semiconductor optical amplifiers. The spectral efficiency approaches to 0.4 bit/s/Hz for

the transmission system. The transmission distance of 1050 km is observed with the

differential gain of 210 atto cm2 of the SOA with improvement in the power more than

1.55 mW. To achieve this goal, the SOA differential gain is optimized for reducing the

cross gain saturation which occurs due to the SOA-induced crosstalk and also reduction

in power penalty with sufficient amplification. The cross gain saturation is further

reduced by using the SOA with differential gain 200 atto cm2. Therefore maximum

transmission distance observed is 4550 km with good quality and nil power penalty per

channel. These results of low cost semiconductor optical amplifiers can be used for

connecting the metro networks at 40 Gb/s.

The simulation of ten-channel 80 Gb/s WDM transmission 910 km using the SOAs as in-

line and pre-amplifier with soliton RZ-DPSK modulation format at 200 GHz channel

spacing has been done. The spectral efficiency is approaching to 0.4 bit/s/Hz for this

transmission distance by using the SOA.

In another part of the Chapter, the theoretical study of the SOA cross phase noise is

proposed due to the gain saturation in WDM links. The crosstalk is found to be dependent

on the SOA structure parameters. The nonlinear cross phase noise is expected to be

suppressed by increasing the carrier lifetime, width while reducing differential gain,

confinement factor in WDM links. This SOA model may be attractive, when used as pre-

amplifiers and in-line amplifiers for long haul links up to 5250 km for 10 × 40 Gb/s

soliton DPSK WDM signals. This SOA model can offer a cost effective solution for

WDM links.

These results provide useful information for the designing of long WDM transmission

links by using low cost semiconductor optical amplifiers.
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Chapter 4

Optimum Placement of Optimized SOAs for Long Haul WDM
Transmission of RZ-DPSK Signals

This chapter deals with the placement of the SOA in a single mode and dispersion

compensated fiber link for 10 Gb/s non return to zero format, which is part of third

objective of the research work. Another part of the chapter investigates the power budget

improvement for long haul WDM and DWDM transmission of RZ-DPSK signals by

using optimum placement of the optimized SOAs. This is the second objective of the

research work.

4.1 Placement of Optimized SOA in Fiber Optical Communication

System

The optical amplifier increases the link distance which is limited by fiber loss in optical

communication system. However, the amplifiers also introduce nonlinear effects which

not only limit the bit rate but also the propagation distance in an optical fiber link.

Optical amplifiers can serve several purpose in the design of fiber optic communication

system i.e. in-line, booster and pre-amplifiers. Mecozzi et al. [1995] demonstrated the

feasibility of 10 Gb/s transmission over a 500 km optical link consisting of single mode

fiber and in-line SOAs. Settembre et al. [1997] investigated that transmission distance can

be increased by using sliding filters for both intensity modulated direct detection (IM DD)

soliton and non return to zero (NRZ) systems. For IM DD NRZ system, the maximum

transmission is limited up to 900 to 1000 km. Kim et al. [2003] demonstrated the

transmission of 10 Gb/s optical signal over 80 km through standard single mode fiber

with the transmitter by using SOA as booster-amplifiers. That can be achieved by

utilizing the negative chirp converted in the SOAs and self phase modulation induced by

the high optical power.

The use of power compensation by the SOA is an important method for power

improvement without degrading the optical signal in single mode fiber link. The SOA can

be placed before or after single mode fiber link for power compensation of propagating

signals. Spans are made up of fiber link and SOAs for the long distance transmission. The

signal degradation due to gain fluctuation of the SOA depends upon the length of the
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fiber link. Another parameter of the SOA is amplified spontaneous emission (ASE) noise

power which affects the signal performance. The power compensation is done by three

methods post-, pre- and symmetrical-power compensation. In first method, the placement

of the SOA is done at the end of fully dispersion compensating link. In the second method

the optical signal in optical communication system is pre-power compensated by placing

the SOA at the start of the fully dispersion compensating fiber link. In the third method,

the power compensation is done by symmetrical way. This can be achieved by placing

one SOA at the start and another at the end.

Due to the non linear nature of the propagation, the system performance depends upon

power levels [Nuyts et al., 1996] and position of the dispersion compensating fibers

[Rothnie et al., 1996]. The sufficient power levels depend upon the placement of optical

amplifier in optical communication system. Earlier in literature [Mecozzi et al., 1995;

Settembre et al., 1997; Kim et al., 2003], SOA is used as in-line and pre-amplifier. Singh

et al.[1997] also evaluated that the post-amplifier placement is better in broadcast

network topologies. Here the results of post-, pre- and symmetrical-power compensation

by using optimized SOA is compared on the basis of bit error rate, eye diagram and eye

closure, for different transmission distances and signal input powers.

4.1.1 Simulation

The block diagram for the simulations of post-, pre- and symmetrical-power

compensation methods using SMF and DCF are shown in figure (4.1). Each transmitter

section consists of data source, electrical driver, laser source and amplitude modulator.

The data source is non return to zero format at 10 Gb/s bit rate and is indicated by Data

source, 10 shown in figure (4.1). The electrical driver converts the logical input signal

into electrical signal. It is represented by the NRZ blocks for the post-, pre- and

symmetrical-power compensations respectively. The continuous wave laser source

(CW_lorentzian, 1550 for three configurations) generates laser beam at 1550 nm. The

input data source is modulated at laser beam by using amplitude modulator (Sin_mz for

all configurations). The output of the modulator is fed to the optical link with the SOA

through optical splitter. The optical splitters (b137, b136, b134) are used for the

measurement of optical input power for transmission link. The post- and pre-power

compensations represent two spans. We assume two spans such that there are two SOAs

at end of the single mode and dispersion fibers. For a span, the length of single mode
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fiber is 96 km with 16 ps/nm/km dispersion and the length of dispersion compensation

fiber is 16 km with -96 ps/nm/km dispersion and a SOA at the end.

The two spans for the post- and pre-power compensation is indicated by b156 and b153.

The connectors are used in these spans indicated as b40, b33, b64, b60. There are two

SOAs used in each power compensation methods. The symmetrical power compensation

is represented as the combination of the pre- and  post-power compensations. In

symmetrical power compensation, there are two fiber links of SMF and DCF used having

length 102 km. The connectors are indicated by b170, b166, b105, b107, b106 which are

used for the connection of SMF and DCF link. In all the three power compensation

method, there is 204 km optical fiber link. The output power for all compensation

methods is measured by optical power meter (indicated by out-power for all

configurations). The output signal of the fiber link is connected to the optical splitter to

detect the quality and power level of signal. The output optical splitters are indicated by

b10, b72, b110 for all configurations. The output optical signal is detected at the receiver

by PIN detector (b6, b69 and b115 for these configurations) and is passed through the

electrical filter (Bessel) and the output is observed on electroscope. The eye diagram, eye

closure, Q factor and bit error are measured from the electroscope.

The CW Lorentzian laser is used here with centre emission wavelength 1550 nm (193.

4145 THz frequency). The amplitude modulator is sine square with excess loss of 3 dB.

The simulated bit rate is 10 Gb/s with pseudorandom binary sequence (PBRS) with word

length of 27-1. The electrical filter is Bessel type with 3 dB bandwidth equal to 8 GHZ.

The responsivity of PIN detector is 0.875. All fiber nonlinearities and dispersion effects

are considered in the simulation. The attenuation and nonlinear coefficients for single

mode fiber is 0.29 dB/km and 1.27 W-1km-1 and that of dispersion compensating fiber is

0.55 dB/km and 5.07 W-1km-1. The PMD coefficient of both SMF and DCF is 0.1 ps

km-1/2. The time domain simulations are performed at the centre wavelength of 1550 nm

with bandwidth of 0.1 THz.

The optimized SOA used as in Chapter 2 which having negligible residual facet

reflectivity is taken as the amplifier model in our simulation. The parameters are as

follows: the length is 750 µm, the width of active layer is 2 µm, its thickness is 0.2 µm

and the confinement factor is 0.4. The transparency carrier density in the SOA is taken to

be 1.5 × 1018 cm-3 and the differential gain of 2 × 10-16 cm2. The carrier recombination

time at this density is estimated to be 300 ps given the saturation power sP = 21.36 mW.
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Figure 4.1: Simulation setup for post-, pre- and symmetrical-power compensation using

semiconductor optical amplifiers.

Table 4.1

Variation of signal input power at fiber link with variation of power at laser.

Signal input
power at laser

(dBm)
-25 -15 -10 -5 0 5 10 15

Signal input
power to fiber

link (dBm)
-31.35 -21.35 -16.35 -11.35 -6.35 -1.35 3.65 8.65
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The optimum injection current evaluated is 400 mA. The input and output coupling losses

of SOAs are taken as 3 dB.

4.1.2 Results and Discussions

In order to observe the performance of three power compensation methods, the applied

signal CW laser is given in table (4.1) and the corresponding input power applied to the

fiber link is also indicated. The input power applied to the optical fiber link drops from

actual value due to losses in the amplitude modulator etc. The total length of the optical

communication link is 204 km and two SOAs are used in each power compensation

method.

The graph between bit error rate and signal input power at fiber link is shown in figure

(4.2). For post-power compensation, the bit error rate is low which indicates the best

performance. It is also observed that the bit error rate increases with the increase in signal

input power at optical fiber link. This is due to gain saturation of the SOA. The gain of

the SOA increases with the increase in signal input power. When input power to fiber link

increases from -1.35 to 1.65 dBm, it increases the bit error rate up to 10-20 for post-power

compensation method, which is acceptable for the high data rate optical transmission. The

clear eye diagram for post power compensation is shown in figure (4.3).

For pre-power compensation at low signal input power of -31.35 dBm, the bit error rate is

good. This shows that SOA can be placed as pre-amplifier for low signal input power.

This pre-amplifier shows good bit rate and output power for transmission distance of 204

km. For single span, placing the SOA for transmission distance of 102 km, gives good

performance. This result shows improvement over the results reported in [Kim et al.,

2003]. The performance of pre-power compensation method is deteriorating for high

signal input -21.35 dBm onwards.

The bit error rate goes on increasing with the increase in signal input power. The applied

signal higher than the saturation power of the SOA will move the SOA towards

saturation. Hence, the output signal is degraded. This degraded output signal is

propagated through optical fiber links. The optical link degrades the power of the signal

further, but the quality is almost remains the same as from the SOA. Hence, with the

increase in spans, the quality of signal goes on decreasing as shown in eye diagram (4.4).

From figure (4.4) to (4.5), it is observed that the symmetrical-power compensation shows

improved performance as compared to the pre-power compensation method.
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Figure 4.2: Bit error rate as the function of signal input power for post-, pre- and symmetrical-

power compensation methods.

(a) -10 dBm. (b) 0 dBm. (c) +10 dBm.

Figure 4.3: Eye diagrams for post-power compensation for various values of signal input power:

(a) -10 dBm (b) 0 dBm (c) +10 dBm.
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(a) -10 dBm. (b) 0 dBm. (c) +10 dBm.

Figure 4.4: Eye diagrams for pre-power compensation for various values of signal input power: (a) -10

dBm (b) 0 dBm (c) +10 dBm.

(a) -10 dBm. (b) 0 dBm. (c) +10 dBm.

Figure 4.5: Eye diagrams for Symmetrical-power compensation for various values of signal input power:

(a) -10 dBm (b) 0 dBm (c) +10 dBm.

Figure 4.6: Eye closure penalty as the function of signal input power for post-, pre- and

symmetrical-power compensation methods.
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The symmetrical-power compensation method combines the performance of pre- and

post-power compensation methods.

Therefore, the gain saturation of first SOA will degrade the quality of signal propagating

in the transmission link. The eye diagram for symmetrical-power compensation is shown

in figure (4.5). The comparison for -16.35, -4.35, 3.65 dBm signal input power for fiber

link in terms of eye diagrams for the three configuration is shown in figure (4.3) to (4.5).

The ratio of the average eye opening and the eye opening is expressed in dB, which is a

measure of eye closure penalty. The graph of this penalty is shown in figure (4.6) for the

three SOA placement methods.

The eye closure penalty is large for the low signal input at optical fiber link of -31.35

dBm as compared to -6.35 dB signal input power as shown in figure (4.6). This is due to

the amplified spontaneous emission noise power. This shows good agreement with

[Yamatoya and Koyama, 2004] for low signal input power, the high ASE noise power is

observed. It is observed that the post-power compensation methods has eye closure

penalty less than 1 for signal input power of 1.65 dBm.

For other pre- and symmetrical-power compensation, there is large eye closure penalty

more than 1 at the same input power. The eye closure penalty goes on increasing with the

increase in signal input power. This means that the quality goes on decreasing with the

increase in the signal input power. This shows good agreement with the result [Jennen et

al., 2001]. Figure (4.7) reported for received signal input power and the applied signal

input power. The post-power compensation method gives sufficient output power up to

large signal input power of 1.65 dBm. Another placement of the SOA as pre- and

symmetrical-power compensation gives power penalty for signal input around -16 dBm

only. The length of dispersion compensated fibers and single mode fiber are increased

simultaneously for the setup of post-, pre- and symmetrical-power compensation methods

for five different cases as shown in table (4.2). For all placement methods, the signal

input power for link is -16.35 dBm. The graph between bit error rate and cases in table

(4.2) is shown in figure (4.8). It is observed that the bit error rate decreases up to the

length of 105 km and good bit error rate is noted for higher distance. For the transmission

distance of more than 140 km, the bit error rate is increased for all power compensation

methods. For small transmission distance (30 km) with two spans, the SOA gets saturated

in the 2nd span due to the high input at the SOA for post-, pre- and symmetrical-

placement of SOA for power compensation.
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Figure 4.7: Received optical signal power as the function of signal input power for post-, pre- and

symmetrical-power compensation methods.

Figure 4.8: Bit error rate for post-, pre- and symmetrical power compensation for different cases

indicated in table (4.2).
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Figure 4.9: Eye closure penalty for post-, pre- and symmetrical power compensation for different

cases indicated in table (4.2).

Table 4.2

Different cases for variation of single mode and dispersion compensation fiber for different power

compensation methods.

Case   DCF (km)  SMF (km) Output Power Received in Different
Power Compensation Methods (dBm)
Post Pre Symm.

1      5     30  13.77  6.41  6.96
2      10     60    5.99 -4.59 -3.53
3      15     90 -9.59 -17.09 -15.26
4      20     120 -27.02 -31.88 -28.90
5      25     150 -44.52 -48.62 -44.88
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\Figure 4.10: Eye closure penalty as the function of length of fiber link for post power

compensation at different signal input powers.

Figure 4.11: Eye diagram for maximum transmission distance of 945 km at -20 dBm signal input

power.
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For large transmission distance (150 km), the effect of ASE noise power on the SOA

degrades the output signal in the 2nd span for post-, pre- and symmetrical-power

compensation methods. The same trends are observed in figure (4.9) for the eye closure

penalty measurement. It is also observed from table (4.2) that for the post-power

compensation method with length of SMF 90 km and the length of DCF 15 km has

sufficient power at minimum eye closure penalty.

So this transmission length of SMF and DCF is taken to observe the performance of the

post SOA placement for power compensation in the large distance transmission link. For

post-power compensation methods, the eye closure penalty is observed for transmission

distance at different signal input power applied to laser. As shown in figure (4.10), as the

transmission distance and signal input power are increased, the eye closure penalty goes

on increasing. Therefore, the placement of the SOA for different transmission distances

also depends upon the signal input power. For lower signal input power (< -20 dBm), the

effect of ASE noise power will increase eye closure penalty little. But for high signal

input power (> 0 dBm), the effect of gain saturation increases the eye closure penalty with

increase in spans. At -20 dBm signal input power, the maximum transmission distance of

945 km is observed. This shows improvement over the results reported in [Settembre et

al., 1997]. The clear eye diagram is observed in figure (4.11). Hence, post-amplifier

placement is best in optical communication system.

4.2 Power Budget Improvement for Long Haul WDM Transmission

with Optimum Placement of SOAs

Current efforts of research and development are aimed at increasing the total capacity of

medium and long haul optical transmission systems by the use of wavelength division

multiplexing. The advances in the optical communications have been possible by the

development of efficient and powerful optical amplifiers.

As discussed in section 2.2.1 of the Chapter 2, many researchers reported for longer and

unrepeated transmission distances and ultra fast broadband transmission by using SOA.

The cross gain saturation of SOA is minimized for WDM transmission links which

achieved highest transmission distance up to 4550 km as presented in Chapter 3.

Rottwitt et al. [1993] reported the reduction in Q factor up to 4 dB in transmission lines of

9000 km length with signal wavelength 1534 and 1554 nm using EDFAs with bit rate

distance product of 55 Gb/s Mm was illustrated. In 1991, experiment reported the
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possibility of data transmission over 21000 km at 2.5 Gb/s and over 14300 km at 5 Gb/s

[Bergano et al., 1991]. Using EDFAs, the transmission of 10 Gb/s signal over a distance

up to 10,000 km over standard fiber with periodic loss and dispersion management was

demonstrated [Nakazawa et al., 2000]. In 1994, solition was transmitted over 35000 km

at 10 Gb/s and 24000 km at 15 Gb/s [Mollenauer, 1994]. Erwan et al. [2001]

demonstrated 24000 km transmission of dispersion managed solition at 40 Gb/s. In 2001

experiment, broadband DCF, were used to transmit a 1 Tb/s WDM signal over 9000 km

[Pincemin et al., 2000]. Due to the large advantage of SOA, it is necessary to utilize the

SOA in long haul WDM transmission system.

4.2.1 Characteristics of SOA Model

The behaviour of the SOA model is determined by simulating the SOA in-line amplifier

parameter given in section 2.2.2 by using setup as shown in figure (2.1) of the Chapter 2.

The optical gain of the optical amplifier for different input signal powers is measured as

shown in figure (4.12). It is found that the polarization sensitivity to the gain at saturation

power is 0.108 dB at 1550 nm which is less than [Morito et al. 2003]. After saturation

power, the polarization sensitivity increases. The variation of the gain is same as that in

case [Jennen et al., 2001].

It also determines the characteristics for the SOA in-line amplifier model for two or more

channels. So simulations are carried out for the setup as shown in figure (4.13) with two

channel DPSK signals without single mode and dispersion shift fiber. The cross talk is

calculated as per [Oberg and Olsson, 1998]. The crosstalk of these channels is observed

by varying bias current (mA) for different channel spacing as shown in figure (4.14). It is

observed that with the increase in bias current the crosstalk increases, which shows good

agreement with result reported in [Li et al., 2004]. It is noted that at 400 mA the crosstalk

is -7.734 at 100 GHz and -6.9 at 20 GHz, which shows an improvement in the result

reported in [Choi et al., 2002]. As this SOA model have longer length. Also higher speed

operations can be expected by using the SOA with a longer device length and larger

optical confinement factor [Joergensen et al., 1997; Girardin et al., 1998].

4.2.2 10 × 10 Gb/s WDM Signal Transmission over 420 km

The transmission performance of WDM signals is analyzed by using cascaded SOA

reported in section 2.2.2 of the Chapter 2. Figure (4.13) shows a schematic setup of 10 ×

10 Gb/s WDM system.
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Figure 4.12: Gain of SOA varies with signal input power for 400 mA injection current.

Figure 4.14: Crosstalk as the function of bias current for different channel spacing.
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Ten Lorentzian laser sources in the wavelength range 1546 nm to 1554 nm (100 GHz

channel spacing) are modulated by each optical LiNbO3 phase modulator with bandwidth

10 GHz for return to zero (RZ) format. The input of each transmission channel is -14

dBm.

Therefore, design carries 100 Gb/s RZ-DPSK WDM signals over 420 km with 70 km

SOA spacing. Each of six spans consists of a 60 km standard single mode fiber (SMF),

one or more DCF (dispersion compensating fiber) as per [Agrawal, 2002] and a SOA at

the end. The DPSK receiver is composed of tunable Mach-Zehnder interferometer having

two optical output ports. The optical path difference of interferometer is set to one bit

time duration. Each output of interferometer is detected by ideal PIN photodetector. The

output electrical signal is the difference between detected currents. The simulations have

been carried out for this setup as shown in figure (4.13) for 6 spans (420 km). the

dependence of Q factor on signal input power is measured for different optical filters as

shown in figure (4.15).

With the increase in signal input power, the quality of the signal goes on decreasing

because of gain saturation as saturation power is -16.7 dBm for the SOA model. This

tendency is almost same as in the case of NRZ signal format [Geraghty et al., 1997]. It is

also observed that with the decrease in the optical filter bandwidth the Q factor goes on

increasing up to 0.4 nm optical filter bandwidth and then goes on decreasing. The

optimum 3 dB bandwidth for optical filter is observed as 0.4 nm and this bandwidth is

used for higher transmission. Further, if the channel spacing is decreased from 100 GHz

to 20 GHz as shown in the figure (4.16), the quality of channel no. 5 goes on decreasing.

This is due to the increase in the crosstalk among the channels as result is already

obtained in figure (4.16) This shows a good agreement with the results [Choi et al., 2002;

Li et al., 2004].

The results are shown in the figure (4.17) for on-off keying (OOK) system and DPSK

system at 420 km transmission distance for channel no. 5. The bit error rate (BER) of

DPSK receiver is given as

( )pNBER −= exp
2
1

                (6.1)

Where  is the quantum efficiency of PIN photodetector and pN is the number of

photons per bit. For =1, a BER of 10-9 or Q factor = 6 dB is obtained for pN = 20. The

BER goes on decreasing as we increase the input signal power.
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Figure 4.13: Schematic of transmission system of 10 × 10 Gb/s WDM signals.

Figure 4.15: Q factor variations with signal input power for different bandwidth of optical filter.
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Figure 4.16: Quality factor varies with channel spacing.

Figure 4.17: BER as the function of signal input power for different systems.
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The launched power per channel is successfully received in the OOK system with the

BER ground of 10-9, but quality of signal in the DPSK system falls at 0 dBm and 2 dBm.

So, by using our SOA in-line amplifier model, there is successful transmission of signal

through SMF without using any dispersion management scheme [Xu et al., 2004].

4.2.3 10 × 10 Gb/s WDM Signal Transmission over Higher Distance

For the long haul transmission distance, same setup is used as shown in the figure (4.13).

There are different strategies used for long distance transmission for placement of the

optimized SOAs. For the transmission distance 17227 km, there are 246 spans and

additional fiber is used as shown in the figure (4.18) which is called conventional span

scheme. Each of 246 spans consist of a same 60 km SMF, 10 km DCF and a SOA at the

end.

Another better scheme is obtained for the same transmission distance called equal span

scheme as shown in the figure (4.19). For this, an additional SOA is used to compensate

the degradation after 20 spans with each span of 60 km SMF +10 km DCF+1 SOA.

The optimum span scheme is formed for power improvement at the output of 17227 km

transmission link. In this, there is a SOA used after optimum spans. For this, the optimum

spans are set 61, 50, 40, 31, 23, 16, 11, 7, 4, 2, and 1 and after every optimum span a,

SOA is used again as shown in figure (4.20).

For every SOA used in different scheme, the gain is taken after reduction of ASE noise

power as given [Mynbaev and Scheiner, 2004]:

in

ASEout

P
PPg −

=     (6.2)

If inP  varies from -15 dBm to +5 dBm then the ASE noise power ASEP  varies from 210

µW to 35 µW. So the actual gain 36.5 dB changes according to ASE noise power.

Due to power improvement in optimum span scheme, the quality of signal decreases. So

an optimum span scheme-1 is described by showing figure (4.20). In this, the last SOA

after 1 span is not used as in the optimum span scheme. In another optimum span scheme-

2, where last SOA after 1 span and SOA pre-amplifier are not used. The simulations have

been carried out for the different span schemes used between DPSK transmitter and

receiver for 10 channels at 10 Gb/s at 100 GHz channel spacing.

The variation of optical power received with wavelength for different span schemes are

investigated as shown in the figure (4.21). In first span, input is -14 dBm and

amplification factor is 15 dB approximately.
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Figure 4.18: Schematic diagram of conventional span scheme for transmission distance

17227 km.

Figure 4.19: Schematic diagram of equal span scheme for transmission distance 17227 km.
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Figure 4.20: Schematic diagram of optimum span scheme for transmission distance 17227 km.
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Also SMF and DCF loss is 19.5 dB. So output signal drops with small decrease in quality.

In conventional span scheme for transmission distance 17227 km, the power observed is

less than -100 dBm, even the quality of signal is good as shown in figure (4.22). For equal

span scheme, we observe that good signal power is received at the output but the Q factor

is less than 15 dB for most of the channels.

The investigation is also carried out for the optimum span scheme; the power observed at

the output is high as compared to the input power. For 17227 km, this scheme shows

good quality factor, even with large improvement in the power. Similarly, the optimum

span scheme-1 shows less power improvement of 2 dB approximately with good quality.

But optimum span scheme-2 has large power drop from baseline curve (input power)

even at good Q factor. So a comparison is made as in table (4.3) showing improvement of

transmission distance as compared to 8 × 10 Gb/s WDM signal transmission [Li et al.,

2004].

From above, it is observed that the optimum span scheme and optimum span scheme-1

are good for further transmission. For higher transmission distance, the same optimum

span scheme is repeated 2, 3 and 4 times to achieve the transmission distance of 34454

km, 51681 km and 68908 km respectively. The optimum span scheme-1 is further

repeated as shown in figure (4.23). As shown in figure (4.23), the optimum span scheme-

1 is repeated for 3 spans and is applied to the SOA. The SOA output is fed to single span

of optimum spam scheme-1 to achieve the transmission distance of 68908 km. The same

idea is used for optimum span scheme, but there is decrease in quality of signal as

simulation is carried out.

It is investigated that the Q penalty is increased with increase in transmission distance for

optimum span scheme. It means quality of signal decreases due to increase in the power

as illustrated in figure (4.24) and (4.25). As the power increases, the SOAs lead toward

the saturation. At transmission distance of 68908 km, the quality of signal is less than 14

dB for a channel at power 0.87 dBm for optimum span scheme.

The eye diagram for optimum span scheme after 68908 km with Pout = 0.817 dBm for

channel no. 5 is shown in figure (4.26). The optical spectrum of ten channels for input

signal and output signal power after transmission distance 68908 km is shown in the

figure (4.29).

It is also investigated that the optimum span scheme-1 has high quality factor of 25.8 dB

but low output power of -38.5 dBm is obtained, which can be improved by putting one

SOA after this scheme easily.
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Figure 4.21: Optical power received versus different channels for different span schemes.

Figure 4.22: Q factor versus channels at different wavelength for different span schemes.
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Table 4.3

At transmission distance 17227 km with input power Pin= -14 dBm.

Parameters Conventional
span scheme

Equal span
scheme

Optimum span
scheme

Optimum span
scheme-1

No. of SOA used 246 260 258 257

Minimum  Q
factor

22.3 dB 15.6 dB 27.5 dB 27.6 dB

Power per
channel

less than -100
dBm

-1.32 dBm 0.097 dBm -12.5 dBm

Power Penalty More than 86 dB -12.68 dBm -14.097 dBm -1.5 dBm

Figure 4.23: Schematic diagram of optimum span scheme-1 for transmission distance 68908 km.

Figure 4.24: Q factor variations with channels for different transmission distances.
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Figure 4.25: Q factor versus channels for different channel spacing.

Figure 4.26: Eye diagram using optimum span scheme at 100 GHz.

Figure 4.27: Eye diagram using optimum span scheme.

Figure 4.28: Eye diagram using optimum span scheme at 20 GHz.
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Figure 4.29: Optical spectrum for different channels before and after transmission distance 68908

km using optimum span scheme.

Figure 4.30: Optical spectrum for ten channels at different frequency before and after

transmission distance 3500 km.

Table 4.4

Power budget for 68908 km transmission distance.

Parameters Optimum span scheme Optimum span scheme-1

Launched power -14 dBm -14 dBm

Fiber loss 17227 dB 17227 dB

Maximum Redundant Amplifier gain 37704.5 dB 37595 dB

Input and output insertion loss 6222 dB 6204 dB

Receiver sensitivity 0.87 dBm -38.5 dBm

Power Penalty -14.87 dB 24.5 dB

Margin -14.87 dB 24.5 dB
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The clear eye diagram is observed for the distance covering after 68908 km with outP =

-38.5 dBm as shown in figure (4.27). The bit rate-distance product is 6890.8 Tb/s km.

The system is further investigated for 20 GHz, 50 GHz channel spacing for the same SOA

in-line amplifier model in the same setup as shown in the figure (4.13) for the optimum

span scheme. The reasonable Q factor is obtained with large power improvement of 4.59

dBm per channel for transmission distance of 6650 km at 50 GHz. It is also observed that

the reasonable quality of signal after covering distance 3500 km at 20 GHz with power

improvement of 4.4 dBm, which is an improvement over [Spiekman et al., 2000]. The

eye diagram for channel no.5 after the distance 3500 km is shown in figure (4.28). Figure

(4.30) shows optical spectrum of the ten channel signal before and after 3500 km

transmission, which is same as in [Li et al., 2004] even at lower channel spacing.

The comparison chart for power budget of 68908 km transmission distance for optimum

span scheme and optimum span scheme-1 is given in table (4.4), which shows different

power penalty and margin. The actual gain in different schemes is less than maximum

redundant gain. As from [Mynbaev and Scheiner, 2004], the ASE noise is not redundant.

The further optimization of SOA is possible for increasing the transmission distance.

4.3 Simulation of DWDM Signals Using Optimum Span Scheme with

Cascaded Optimized SOAs

Dense wavelength division multiplexing utilizes a large aggregate bandwidth in a single

fiber by taking the advantage of the advanced optical technology that is able to launch

and multiplex many  wavelength in one fiber, switch wavelength optically and at

receiving end, demultiplex and read each wavelength separately [Kartalopoulos, 2000].

DWDM is a technology that depends mainly on optical components i.e. amplifiers,

multiplexers, filters, transmitter and receiver array.

Cho et al. [2003] demonstrated the transmission of 25 Gb/s RZ-DQPSK signals over

1,000 km of SMF-28 fiber with channel spacing 25 GHz. Uptill now, many researchers

provided solutions for increased transmission distance and capacity with utilization of

SOAs reported in Chapter 2, 3, 4. which investigates that the twenty-channel at 10 Gb/s

WDM transmission over 4340 km by using SOA as in-line and pre-amplifier with DPSK

modulation format at 100 GHz channel spacing. But no previous research has been

reported with channel spacing less than 25 GHz for optical transmission with SOA.
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4.3.1 Minimization of Crosstalk in System with SOA Model

The InGaAlAs traveling wave SOA with negligible residual facet reflectivity as reported

in the section 2.2.2 of the Chapter 2 is taken as the amplifier model in our simulations.

The characteristic for our SOA in-line amplifier model has been determined for two or

more channels at channel spacing 20 GHz. So the simulations are carried out for setup as

shown in figure (4.13) with two channel DPSK signal without using single mode and

dispersion shift fiber. The crosstalk of these channels is measured by varying bias current

(mA) for different channel spacing and different optical phase modulator bandwidth as

shown in figure (4.31). It is observed that with the increase in bias current the crosstalk

increases, which shows good agreement with the above analysis and previous results

[Choi et al., 2002]. It is noted that at 400 mA, the crosstalk is -14.1 dB at 20 GHz which

shows an improvement over the result reported in [Choi et al., 2002].

The optical phase modulator bandwidth is also optimized as shown in figure (4.31). At

optimum bias current, low crosstalk and optimum bandwidth is obtained for optical phase

modulator i.e. 5.5 GHz as shown in figure (4.31).

4.3.2 10 × 10 Gb/s DWDM Signal Transmission

The transmission performance of DWDM signals is analyzed by using cascaded SOAs.

Figure (4.13) shows a schematic diagram of 10 × 10 Gb/s DWDM system. Ten

Lorentzian laser sources in the wavelength ranging from 1549.91nm to 1550.06 nm (20

GHz channel spacing) are modulated by each optical LiNbO3 phase modulator with return

to zero (RZ) format. The operating wavelength for transmission link had ITU standard

wavelengths. The optimized bandwidth for optical phase modulator (LiNbO3) is used. For

SOA, 400 mA is the optimized current.

From simulation results shown in figure (4.31), the optimum bandwidth for phase

modulator is 5.5 GHz at 400 mA bias current with crosstalk less than -14 dB between two

channels. The input power of each transmission channel is -20 dBm. Therefore, design

carries 100 Gb/s DWDM RZ signals over 70 km with SOA at the end. It consists of a 60

km standard single mode fiber (SMF), one or more DCF (dispersion compensating fiber)

and a SOA at the end. The length of DCF is chosen in accordance to the [Agrawal, 2002]

for complete compensation. The time domain simulations have been carried out for this

setting as shown in figure (4.13).

The Q factor variation with all the channels has been measured for 70 km transmission

with and without use of end SOA as shown in figure (4.32).
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Figure 4.31: Crosstalk as function of bias current and optical phase modulator bandwidth.

Figure 4.32: Received quality for different channel as a function of with and without SOA.
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Figure (4.33) shows the optical power received, for different channels for 70 km

transmission distance with and without using SOA. A large power drop occurs more than

15 dB without using any amplifier. When using SOA as in-line amplifier after 70 km

fiber, there is improvement in power around 1dB from input power. While SOA used as

in-line and pre-amplifier, shows large improvement of output power more than 15 dB at

same quality.

4.3.3 10 × 10 Gb/s WDM Signal Transmission over Higher Distance

For the long haul transmission distance, the same setup is used as shown in figure (4.13).

There are different transmission schemes used for long distance transmission. For the

transmission distance 5670 km, there are 81 spans and additional fiber is used as shown in

figure (4.34a) which is called conventional span scheme. Each of 81 spans consist of a

same 60 km SMF, 10 km DCF and a SOA at the end.

There is another best scheme obtained for the same transmission distance called equal

span scheme as shown in figure (4.34b). For this, an additional SOA is used to

compensate the power degradation after 20 spans with each span 60 km SMF +10 km

DCF+1 SOA.

The optimum span scheme has also been made for power improvement at the output of

5670 km. In this SOA is used after every optimum span. For transmission distance of

5670 km, the optimum spans are 31, 23, 16, and 11 as shown in figure (4.34c).

In conventional span scheme, the received power falls due to attenuation in the

transmission path, even distortion can be managed. So, for long distance transmission,

there is continuous fall in received power from the applied input, even in the path SOA

can boost up the power after equal distance. As from figure (4.34d), for longer cascaded

distance.

inin PP <1                 (6.3)

sin PP <                 (6.4)

sininininiinN PPPPPP <<<<< 12     (6.5)

As from above equations, amplifiers input goes on decreasing, this causes decrease in

distortion due to nonlinearity and amplified spontaneous emission (ASE) noise, which is

true as shown in figure (2.3) of Chapter 2. So, large power penalty occurs due to longer

transmission distance. The equal span scheme is acceptable for larger distance

transmission compared to conventional span scheme but there is OSNR (Optical signal to
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Figure 4.33: Received optical power for different channel as a function of with and without SOA.

Figure 4.34a: Schematic of conventional span scheme for transmission distance 5670 km.
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Figure 4.34b: Schematic of equal span scheme for transmission distance 5670 km.

Figure 4.34c: Schematic of optimum span scheme for transmission distance 5670 km.

  Figure 4.34d: Equivalent schematic of conventional span scheme.
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noise ratio) penalty occurs. Degradation occurs due to continuous rise in ASE for equal

span. For this scheme we obtain still obtain

sininN PPP <<     (6.6)

In optimum span scheme, large span is used in the start and then span decreases. This

scheme is formed in such a manner so that each input of SOA is less than saturation

power, so that good quality signal is obtained after SOA. Here

insinN PPP >≥     (6.7)

It is also found from above, the ASE power at the output of different span scheme

ASEEqualASEOptimumionalASEconvent PPP <<

Also found that power penalty varies for different scheme

alConventionEqualOptimum PPP <<

Where ionalASEconventP , ASEEqualP , ASEOptimumP  are the ASE power of conventional, equal and

optimum span scheme respectively. Also OptimumP , EqualP , alConventionP  are the power penalty

for optimum, equal and conventional span scheme.

The simulations have been carried out for the different span schemes used which is

between DPSK transmitter and receiver for 10 channels at 10 Gb/s at 20 GHz channel

spacing as shown in figure (4.13). The simulation results for 5670 km transmission

distance for different scheme as shown in figure (4.35). The received power for optimum

span is much higher than conventional and equal span after 5670 km distance.

It is observed from figure (4.36) that the OSNR for optimum and equal span scheme are

almost the same. So in optimum span, power improvement and good OSNR is observed.

The variation of optical power received with wavelength for different span schemes is

also investigated as shown in figure (4.37). In conventional span scheme low power of -

73 dBm is observed. The quality of signal for some channel is less than 15 dB as shown

in figure (4.38). For equal span scheme, it is observed that around -40 dBm signal power

is received at the output, but Q factor is less than 15 dB for some channels.

The investigation made for the optimum span scheme show that the power improvements

observed at output by factor 1.8 dB approximately as compared to input power for

transmission distance 5670 km with good quality more than 15 dB for all channels, which

is an improvement over the transmission distance reported in  [Cho et al., 2003;

Spiekman et al., 2000].  From above 5670 km transmission system, as given in table

(4.5), we have observed that optimum span scheme is good for further transmission.
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Figure 4.35: Power received versus spans for different span scheme for transmission

distance 5670 km.

Figure 4.36: OSNR versus spans for different span scheme for transmission distance

5670 km.
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Figure 4.37: Optical power versus different channels for different span schemes and distances.

Figure 4.38: Q factor versus channels at different channels for different span schemes and distances.
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Table 4.5

At transmission distance 5670 km with input power Pin= -20 dBm.

Parameters Conventional
span scheme

Equal span
scheme

Optimum span
scheme

No. of SOA used 81 85 84

Minimum  Q
factor (dB) +14.38 dB +14.45 dB +17.28 dB

Minimum Power
per channel -73.40 dBm -40.17 dBm -18.18 dBm

Power Penalty +53.60 dB +20.68 dB -01.82 dB

Figure 4.39: BER as the function of signal input power for different channels.
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Figure 4.40a: Eye diagram using optimum span scheme at 20 GHz.

 Figure 4.40b: Optical spectrum for different channel before and after transmission distance

17,227 km using optimum span scheme.
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For transmission distance 17,227 km, the optimum spans are 61, 50, 40, 31, 23, 16, 11, 7,

4, 2, and 1 and after every optimum spans a SOA is used as shown in figure (4.20). For

17,227 km, this scheme shows good quality factor for all the channels as shown in figure

(4.38), with power improvement of around -2.1 dB from figure (4.37). So comparison

made as in table (4.5), shows improvement of transmission distance as compared to 8 ×

10 Gb/s WDM signal transmission [Li et al., 2004]. It is investigated that for optimum

span scheme if the distance is increased the Q penalty also increases which means; quality

of signal decreases due to increase in power as illustrated in figures (4.37) and (4.38).

At transmission distance 17,227 km with channel spacing 20 GHz, the good bit error rate

at the floor of 10-10 is observed as shown in figure (4.39), which shows that power launch

up to -5 dBm i.e. before the gain saturation power. The bit error rate obtained for received

signal is less than 10-10 up to saturation power. The eye diagram for optimum span

scheme after covering distance 17,227 km with Pout = -17.9 dBm for channel no.5 is

shown in figure (4.40a). The optical spectrum of ten channels is observed for input signal

and output signal power for transmission distance 17,227 km as shown in figure (4.40b).

4.4 Conclusions

It is concluded that the post-power compensation method shows good performance in

terms of bit error rate, eye closure penalty and received power as compared to pre- and

symmetrical-power compensation methods. The bit error rate and eye closure penalty

increases with the increase in signal input power. The effect of ASE noise power is

observed for three power compensation methods at low value of signal input power

(below -30 dBm) and also gain saturation effect for high signal input power (above 0

dBm). It is found that the pre-power compensated method in single span is best for pre-

amplification of very low signal input power. The maximum transmission distance

observed for post power compensation method is 945 km.

We also investigated the ten-channels at 10 Gb/s WDM transmission distance of 68908

km by using SOAs as in-line and pre-amplifier with DPSK modulation format at 100

GHz channel spacing for the first time. In order to achieve this long haul transmission

distance, the optimum span scheme is evaluated with power margin more than 24 dB. For

this, the optimized SOA model is used with lower saturation power 21.36 mW to achieve

low crosstalk -7.7342, high optical gain 36.5 dB with reasonable ASE noise power. It has

been shown that optical filter with 0.4 nm bandwidth is optimum for higher transmission

distance. It is also observed that with the decrease in channel spacing, the quality of
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signal falls due to the increase in the crosstalk. For the transmission distance 17227 km,

the optimum span scheme has performed well as received quality signal is more than 27.5

dB with signal output power 0.097 dBm for channel no. 5. But for 68908 km transmission

distance, the optimum span scheme shows degradation in the quality up to 14 dB with

increase in the signal output power 0.87 dBm. It has been shown that for the optimum

span scheme-1, quality of the signal is 25.8 dB with signal power -38.5 dBm for channel

no.5. This result generates the power penalty of 24.5 dB for 68908 km transmission

distance. It is also observed that for 50 GHz channel spacing, maximum transmission

distance is 6650 km and for 20 GHz, the maximum transmission distance of 3500 km is

observed by using cascaded SOAs with 10 × 10 Gb/s RZ-DPSK format.

The simulations of ten channel at 10 Gb/s DWDM using cascaded SOAs with the DPSK

modulation format at 20 GHz channel spacing has been performed. For this, the

optimized SOA model is used. At optimum bias current, low crosstalk and optimum

bandwidth is obtained for optical phase modulator i.e. 5.5 GHz. Using optimum span

scheme it is possible to transmit 100 Gb/s RZ-DPSK signal at 17,227 km with power

improvement of 2.1 dB at good quality of the signal. Finally, it has been shown that for

100 Gb/s RZ-DPSK, all channels are faithfully transmitted up to 17,227 km with

maximum optical signal power up to gain saturation with BER floor less than 10-10.

These conclusions give significant information for design of long haul optical fiber

communication system by using low cost SOAs.
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Chapter 5

Receiver Sensitivity Improvement using Polarization
Insensitive Semiconductor Optical Amplifier

5.1 Introduction

This chapter focuses on the improvement of the receiver sensitivity and bandwidth for

greater transmission capabilities, which is related to first and third objectives of this

research work. The optical networking elements such as switches, splitters and

multiplexers are being developed for the improvement of optical fiber telecommunication

networks. These elements introduce an insertion loss, which must be accommodated

within the power budget of transmission systems. Therefore, it requires the improved

receivers sensitivity and bandwidth for greater transmission capabilities. Many

researchers have worked to improve the receiver sensitivity as already discussed in the

section 1.5.4 of Chapter 1

In this Chapter, the work [Dreyer et al., 2002; Mason et al., 2002; Yamatoya and

Koyama, 2004] is extended to further optimize the SOA pre-amplifier model for higher

receiver sensitivity for PIN and DPSK receivers at different bit rates.

5.2 Theoretical Analysis

The total recombination rate can be expressed as [Storkfelt et al., 1991]
32 CNBNANR(N) ++=     (5.1)

A , B  and C  being the nonradiative recombination, the spontaneous emission and the

Auger recombination terms, respectively. Taking the derivative of equation (5.1),
232 CNBNAR'(N) ++=     (5.2)

At room temperature A  is negligible, so it is neglected from equation (5.2). Therefore,

spontaneous emission term is

N
CNR'(N)B

2
3 2−

=     (5.3)

As from [Mynbaev and Scheiner, 2003], amplified spontaneous noise power ASEP  is

hfG f2NP spASE =     (5.4)

hfGcNP spASE 2=
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Where spN  is spontaneous emission factor ranges from 1.4 to more than 4 depending on

both the pumping rate and the operating wavelength, hf  is photon energy, G is amplifier

gain, f∆  is the optical bandwidth of the amplifier.

As noise figure nF  of SOA is given by [Dreyer et al., 2002]

o

ASE
n GhfB

PF 2
=     (5.5)

Where oB  is the optical filter bandwidth after SOA pre-amplifier. As in our case we are

using SOA pre-amplifier without using any optical receiver filter for detection of signal.

Therefore, amplified spontaneous power ASEP  from equation (5.5) can be written as

2
GhfFP n

ASE =     (5.6)

Also from Olsson et al. [1989], the spontaneous emitted power at the output of

semiconductor optical amplifier is given by

( ) ospsp hfBGNP 1−=

By using the SOA as a pre-amplifier in our system, setup is exempted from the optical

filter, the amplified spontaneous emission power is

( )hfGNPP spspASE 1−==     (5.7)

Therefore, photocurrent equivalent of spontaneous emission power [Olsson et al., 1989]

becomes

( )qGNhf
qP

i sp
sp

sp 1−==     (5.8)

So photocurrent equivalent of spontaneous emission power is decreased. Recalling the

equation (2.9) of Chapter 2 for total noise

thspspspsshottot NNNNN +++= −−     (5.9)

The total noise totN  from equation (5.8), is decreased due to absence of optical receiver

filter oB . The noise figure related to optical gain [Agrawal, 2002] is given by









−








−

=
int

2
g

g
NN

NF
o

n   (5.10)

As bias current I  is increased, sP   is also increased to keep optical gain g  high.

Therefore, from equation (5.9), the noise figure is decreased, which in turn decreases the

amplified spontaneous emission noise power from equation (5.5). To obtain faster
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response, high bias current is used. Also, higher speed operations can be expected by

using an SOA with a longer device length and larger optical confinement factor

[Joergensen et al., 1997; Girardin et al., 1998]. The receiver sensitivity [Olsson et al.,

1989] is given by

linsen GLPP =   (5.11)

Where lL  is the loss between the last amplifier and the receiver. Our proposed SOA pre-

amplifier model as in table (5.1), totN  total noise is less because there is no need of

optical filter and ASEP  amplified spontaneous emission noise power is quite low, so better

sensitivity is obtained.

5.3 Results and Discussions

The simulations were carried out for the system setup as shown in figure (5.1) with SOA

as pre-amplifier with parameters given in above table (5.1) model of SOA. For PIN-

receiver, the EDFA noise figure is 8 dB with large gain 37.5 dB, and for DPSK receiver,

noise figure is 4.5 dB with 1 dB gain only.

The transmitter bandwidth for 10 Gb/s and 15 Gb/s is selected to be 15 GHz, while for 40

Gb/s, it is 25 GHz. As shown in figure (5.2), the optical gain of SOA pre-amplifier is

measured for both PIN and DPSK receiver at 1550 nm. It is found that for both TE

(transverse electric) and TM (transverse magnetic) modes for the PIN receiver and the

DPSK receiver are polarization insensitive to gain as compared to that reported in [Dreyer

et al., 2002]. The gain remains constant, i.e., 30.06 dB up to gain saturation for both

receivers.

The relationship between an input light and output ASE power of the SOA pre-amplifier

is measured as shown in figure (5.3). As we increase the input light power the ASE power

increases in same way ad occurs in [Yamatoya and Koyama, 2004], but the ASE power in

our case was lower as compared to that reported in [Yamatoya and Koyama, 2004]. It is

observed that for a PIN receiver ASE power is 22.3 µW with input power 0.1 mW for 10

Gb/s. It is observed that for a DPSK receiver ASE noise power is 4.1 µW only at 10 Gb/s,

which is quite lower than the PIN receiver with an SOA pre-amplifier. It is also observed

that as we increase the bit rate, the ASE power continues to decrease for this SOA pre-

amplifier with same transmitter bandwidth.

The optical gain bandwidth for input wavelength is an important factor for optical pre-

amplifier.
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Table 5.1

Material and device parameter for the SOA model.

Figure 5.1: System setup used to evaluate the SOA in a pre-amplifier configuration.

Symbol Parameter Value

A Nonradiative recombination Negligible (at room temperature)

I Bias current 400 mA

L Amplifier length 900 m

w Active layer width 2 m

t Active layer thickness 0.2 m

Γ Confinement factor 0.3

τ Spontaneous carrier lifetime 0.18 ns

oN Transparency carrier density 1.08×1024 /m3

a Material gain constant 2×10-20m2

α Line_width enhancement factor 300 /m

int
Input/Output insertion loss 3 dB

pα Material loss 2000 /m

sP Saturation power 47.47 mW

spN Spontaneous emission factor 4

PIN/DPSK
Transmitter

EDFA

SOA

DPSK Demodulation
and Detection

Optical
Splitter

Optical Band pass
Filter Bo=0.1 nm

PIN/DPSK
Receiver

PIN Receiver

SOA
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Figure 5.2: Optical gain of SOA pre-amplifier varies with input signal power for PIN and DPSK

receivers with TE and TM modes.

Figure 5.3: ASE noise power of SOA pre-amplifier variation with input light power for PIN and

DPSK receiver at different bit rate.
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Figure 5.4: Gain variations versus input light wavelength for different input light power at 10

Gb/s with PIN receiver.

Figure 5.5: BER versus received power for different bit rate with SOA pre-amplifier PIN receiver.
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Figure 5.6: BER versus received power for different bit rate using SOA pre-amplifier DPSK

receiver.

Figure 5.7: Material loss, Length, Bias current of SOA variation with power received and BER at

input power = -27dBm.
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The optical gain bandwidth was measured by changing the wavelength of the input light.

Figure (5.4) shows the measured gain bandwidth for input light power of -20 dBm, 0

dBm and 5 dBm. The 3 dB bandwidth of the SOA pre-amplifier gain was more than 100

nm, which is too large as compared to [Yamatoya and Koyama, 2004]. It is observed that

with an increase in the input light power, bandwidth of SOA pre-amplifier continues to

decrease.

The receiver sensitivity is measured with above SOA model pre-amplifiers in the PIN

receiver. We used same value of eB  = 7.5 GHz and oB  = 0.1 nm as reported in

[Yamatoya and Koyama, 2004]. The signal is not detected without pre-amplifier at 10

Gb/s as shown in figure (5.5), and the BER is around 10-4 for our system setup. It shows

that by using SOA pre-amplifier model without an optical filter the receiver sensitivity is

-69.9 dBm with a BER floor at 4.6×10-10 for 10 Gb/s with extinction ratio 1 dB, while for

11 Gb/s the minimum receiver sensitivity observed is -66.5 dBm. For 15 Gb/s the receiver

sensitivity observed is -23.6 dBm with same transmitter bandwidth. We also measured

receiver sensitivity of -19.2 dBm at a BER floor of 10-9 for 40 Gb/s with a transmitter

bandwidth of 25 GHz, which is an improvement over the result reported in [Mason et al.,

2002].

For a DPSK receiver with SOA pre-amplifier, the results are shown in figure (5.6). We

measured a sensitivity of -67.6 dBm at a BER floor of 9.6 × 10-10 for 10 Gb/s. The good

improvement in receiver sensitivities of -45 dBm and -46.5 dBm at 15 Gb/s and 40 Gb/s

is noted. Figure (5.8) shows the eye opening diagram at 40 Gb/s for both PIN and DPSK

receiver with an SOA pre-amplifier.

We further optimize the SOA model for the improvement in the receiver performance at

the input power -27 dBm. We observed that if material loss per millimeters is increased,

the sensitivity also increases with same error floor 10-9 as shown in figure (5.7).

If we increase the length of the SOA, sensitivity increases along with improvement in

quality of received signal. If we increase the bias current (mA), the sensitivity falls at a

large value with same BER floor as shown in figure (5.7).

From this analysis, we therefore found that receiver sensitivity for our SOA pre-

amplifiers model given by

I
LGLP

P plin
sen =   (5.12)
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(a) For PIN Photodiode.

(b) For DPSK Receiver.

Figure 5.8: Eye diagram of received signal using SOA pre-amplifier for PIN and DPSK receivers

at 40 Gb/s.

Figure 5.9: Block diagram of WDM system using SOA1 as in-line amplifiers and SOA pre-

amplifier at end.
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60 km

DCF
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5.4 Receiver Sensitivity for Multichannel WDM Transmission Links

When multichannel WDM system is used, there is need of receiver sensitivity

improvement by using the SOA. For this, the XGM effect is taken into care. It is observed

from above that the probability of power penalty occurs when above model is used for

multichannel WDM transmission system.

This can be removed by using equation (2.30) in Chapter 2. So we take the carrier

lifetime parameter for optimization of SOA. The optimized parameters are presented in

section 5.4.1.

5.4.1 SOA Structure Parameters

The standard InGaAlAs traveling wave SOA with negligible residual facet reflectivity is

taken as the amplifier model in our simulations. After solving the above equations and

rate equations of chapter 2, the relevant parameters are as follows: the length is 900 µm,

the width of active layer is 2 µm, its thickness is 0.2 µm and confinement factor is 0.3.

The transparency carrier density in the SOA is taken to be 1.08 × 1018 cm-3 with the

differential gain of 2 × 10-16 cm2. The spontaneous carrier lifetime (carrier recombination

time)  at this density is evaluated 0.25 ns with saturation power sP = 34.18 mW. The

injection current is 400 mA. The optical bandwidth of SOA is 40 nm and spontaneous

emission factor is considered 4. The input and output coupling losses of SOAs are taken

as 3 dB. Nonradiative recombination is assumed to be negligible (at room temperature).

5.4.2 Multichannel WDM Transmission Links

Now, the above SOA pre-amplifier is considered for multichannel transmission system.

Figure (5.9) shows a schematic of 20 × 10 Gb/s OOK WDM system.

Twenty Lorentzian laser sources in the wavelength range 1550.38 nm to 1557.63 nm (100

GHz channel spacing) are modulated by each optical sin2 Mach Zehnder amplitude

modulator with return to zero (RZ) format. The input of each transmission channel is

from -20 dBm to 0 dBm. Therefore, design carries 200 Gb/s WDM RZ-OOK signals over

350 km with 70 km SOA spacing. Each of the spans consists of a 60 km standard single

mode fiber (SMF), one or more DCF and a SOA at the end. The length of DCF is chosen

in accordance with [Agrawal, 2002] for complete compensation ( 0=D ). The loss of

SMF is 0.2 dB/km and loss of DCF is 0.55 dB/km. The time domain simulations have

been carried out for the setup as shown in figure (5.10) for different carrier lifetimes with

bandwidth 5.256 THz and centre wavelength 1550.3 nm.
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Figure 5.10: BER versus received power for different carrier lifetimes for SOA pre-amplifier in

multichannel WDM transmission links.
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The plot is shown in figure (5.10), the resulting BER versus the average detected power

per channels. As from result, if lower value of spontaneous lifetime is taken, then

detected power per channel is dropped by 15 dB with BER greater than 10-9. The power

drop occurs due to fall in gain of SOA. Also from equation (2.23) of Chapter 2, SOA-

induced cross talk is generated at lower value of carrier lifetime. Therefore, variation of

gain increases at 0.1 ns carrier lifetime. So this causes drop in quality of signals.

As shown from the results, if the carrier lifetime increases up to 0.25 ns, all channels are

detected with sufficient power at BER less than 10-18. Here gain fluctuations decrease due

to the increase in carrier lifetime, so SOA-induced crosstalk is also less. In this case,

average detected channels show BER less than 10-9 up to saturation of the SOA. Further,

if the carrier lifetime increases up to 0.3 ns, the SOA-induced crosstalk is reduced. But as

the input signal increases, SOA is saturated earlier as compared to lower value of carrier

lifetimes. So result shows that good BER is observed at the receiver for input signal up to

-5 dBm. So by using carrier lifetime 0.25 ns, good improvement in detected power per

channel is observed with high input signal. These results show an improvement over

results reported in [Xu et al., 2003]. Further optimization of SOA structure is also

possible for improvement of the receiver performance.

5.5 Conclusions

We have proposed an SOA model for an optical pre-amplifier for the PIN and the DPSK

photoreceivers. The minimum receiver sensitivity of -69.9 dBm is observed at the BER

floor of 4.6× 10-10 for the PIN receiver at 10 Gb/s. Also improvement of receiver

sensitivity of -19.2 dBm and -46.5 dBm for the PIN receiver and DPSK receiver at 40

Gb/s is observed. The impact of the ASE noise power, optical gain, gain variation for

different input light wavelength for the PIN and the DPSK receiver are illustrated for

different bit rates. It is observed that the ASE noise power for a PIN photo detector is

22.3 µW at -10 dBm, while for a DPSK receiver is 4.1 µW, which is quite low. It has

been shown that gain variation increases with an increase in input light power and the

tolerance of input wavelength power is more than 100 nm for large power. It is also

observed that the optical gain is insensitive to polarization and remains constant at 30.06

dB.
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Chapter 6

Gain Flattening Approach to Physical EDFA for 16 ×  40 Gb/s
NRZ-DPSK WDM Optical Communication Systems

6.1 Introduction

In this chapter, the investigation for gain flattening approach of EDFA in WDM

transmission systems have been carried out, which is the part of first and second

objectives of this research work. The major disadvantage of an EDFA is its non uniform

gain spectrum and therefore the imbalance of power amongst different channels takes

place at the receiver. The gain flattening of the EDFA for high capacity transmission link

is also achieved by using gain flattening approach and optical super Gaussian notch filter

at peak gain of the EDFA in transmission link.

The gain can be flattened by using a gain clamping erbium doped waveguide amplifier

module with an optical feedback technique [Yeh et al., 2005]. But this can reduce the

gain and also requires additional components. There is competition in optical long-haul

transmission to achieve high channel bit rates and large transmission capacity. Taga et al.

[1994] demonstrated four channel transmission up to 459 km each at 2.4 Gb/s bit rate

and also two channel transmission up to 4550 km each at 5 Gb/s.

Chung and Chung [2005] proposed a short period dispersion managed fiber which

suppressed the dispersion and nonlinearities. The transmission distance of 320 km at 320

Gb/s bit rates with 100 GHz channel spacing was reported. Miyamoto et al. [1999]

reported 8 channels transmission up to 367 km with bit rate of each channel 40 Gb/s.

Pizzinat et  al. [2003] reported that four channels at 40 Gb/s error free WDM

(wavelength division multiplexing) transmission is possible for 750 to 800 km. Matsuda

et at. [2004] demonstrated that 42.7 Gb/s WDM signals could be successfully transmitted

in  the  L  and  U-band using hybrid amplifiers and hybrid optical amplifier consisting of

Raman amplifier and L-EDFA transmitted up to the distance of 225 km.

Until now, the maximum transmission distance is up to 367 km using EDFAs for 8

channels at 40 Gb/s [Miyamoto et al., 1999]. In this Chapter, a method is illustrated to

increase the transmission distance and capacity of optical communication systems by

using gain flattening approach of EDFAs at 40 Gb/s. A method of approximately gain
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flattening the band from 1530 nm to 1560 nm is demonstrated here. In this approach, the

fiber grating or any additional components are not used.

6.2 EDFA Parameters and Validation

In EDFA Physical Model [Giles and Desurvire, 1991], the saturation parameter  is

defined as:

1

2 nb t
eff=     (6.1)

Where 2
effb is the effective radius of the doped region (and consequently 2

effb is the

effective transversal area of the fiber doped region), tn  is the average ion density in [m-3]

and 1  is the so-called “metastable lifetime”.

The gain ( )g and absorption ( ) coefficients can be obtained from the emission ( )em

and absorption ( )abs  cross-sections as:

( ) ( ) ( ) tem ng =     (6.2)

( ) ( ) ( ) tabs n=     (6.3)

Where ( )  is the overlap integral between the optical mode inside the fiber and the

erbium doping profile, while tn  is the average ion density in [m-3].

In order to evaluate the response of EDFA1, EDFA2, pre-amplifier EDFA, the simulation

has been performed as shown in figure (6.1) with single transmitter and receiver without

any single mode fiber (SMF) and dispersion compensating fiber (DCF). For this, the

DPSK signal is formed by encoding a continuous wave (CW) Lorentzian light source

with different power and data in terms of NRZ-DPSK (non return to zero differential

phase shift keying) format launched into optical phase modulator. The NRZ data was

pseudorandom binary sequence (PBRS) with word  length    210-1 at 40 Gb/s. The full

wave half maxima (FWHM) line_width of continuous wave light source is 1 MHz. The

low pass Bessel filter have 3 dB bandwidth of 40 GHz for generation of data source in

terms of NRZ format. Then this DPSK signal is launched into different EDFAs for

measuring the response. At the output, a raised Cosine optical filter with bandwidth 50

GHz is used. The output of the filter is fed into DPSK receiver for detection of signal.

The time domain simulation is carried out with centre wavelength of 1550 nm.
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Figure 6.1: Schematic setup of measuring the response of EDFA1 or EDFA2 or Pre-amplifier

EDFA.

 Figure 6.2:  Gain as the function of wavelength for different pump powers of EDFA1.

Table 6.1

EDFA parameters used in gain flattening approaches.

Parameters EDFA1 EDFA2 Pre-amplifier
EDFA

Doped Fiber Length 7 m 3 m 7 m
Input/Output Insertion Loss 0.5/0.3 dB same same

Co-propagating Pump Power 20 dBm 8 dBm 30 dBm
Pump Wavelength 1460 nm same same
Saturation Power 2.17×1013 /m/s same same

Absorption (dB/m) 0.26 – 7.54 same same
Emission (dB/m) 1.61 – 7.44 same same

PM
Modulator

NRZ-DPSK
Encoder

Optical
BPF

DPSK
Receiver

PM
Modulator

EDFA1 or EDFA2  or
Preamplifier EDFA
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Figure (6.2) shows the variation of gain with respect to wavelength for different values of

co-propagating pump power for 1460 nm with length of 7 meters for the EDFA. The good

gain is obtained for this length at sufficient pump. As the pump power increases, the gain

increases. But variation of the gain with wavelength is non uniform. At 20 dBm pump

power, a uniform gain for 20 nm bandwidth with gain excursion of ± 2 dB is achieved as

shown in figure (6.2). The flatten gain is achieved by choosing suitable pump power and

length of doped fiber. The parameters of EDFA1 are optimum for approximately flat gain

as presented in table (6.1). The physical EDFA model in the section 6.2 has been

followed for evaluation of EDFA parameters as in table (6.1).

6.3 Simulation Setup for 16 × 40 Gb/s WDM Signals Transmission

6.3.1 Gain Flattening Approach-I

The transmission performance of WDM signals is analyzed using cascaded EDFA1. This

EDFA1 has constant gain for large bandwidth. The centre frequency of simulation is

shifted from 1550 nm to 1554 nm so that in both sides bandwidth can be used with the

constant gain approach. If the centre frequency at 1550 nm, then some channels near to

1530 nm do not propagate for long transmission distances. This is due to the peak gain at

1530 nm. For long distance transmission, the channels near 1530 nm saturate quickly at

small transmission lengths. The schematic setup of 16 × 40 Gb/s WDM system is shown

in figure (6.3a). Sixteen Lorentzian shaped line_width laser sources in the wavelength

range from 1534 nm to 1558 nm (200 GHz channel spacing) are each modulated by

optical LiNbO3 phase modulators with a non return to zero (NRZ) format. The input of

each transmission channel is -10 dBm. The DPSK receiver is composed of tunable Mach-

Zehnder interferometer having two optical output ports. The optical path difference of

interferometer is set to the equivalent of one bit time duration. Each output of

interferometer is detected by an ideal PIN photodetector. The output electrical signal is

the difference between detected currents. The bit error rate (BER) of the DPSK receiver is

given as

( )pN−= exp
2
1BER

Where  is the quantum efficiency of PIN photodetector and pN is the number of

photons per bit. For 1= , a BER of 10-9 or Q factor = 6 dB is obtained for 20N p = .
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Figure 6.3a:  Gain flattening approach-I for transmission system of 16 × 40 Gb/s WDM signals.

Figure 6.4a: Variation of optical power spectrum with frequency in gain flattening approach-I.
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Therefore, the design carries 640 Gb/s WDM NRZ signals over 490 km with 70 km

EDFA spacing. The arrangement for the gain flattening approach-I is shown in figure

(6.3a). Each of the spans consists of a 60 km standard single mode fiber (SMF), one or

more DCF (dispersion compensating fiber) and an EDFA1 at the end. For SMF, the value

of the dispersion parameter D is 17 ps/km-nm at the operating wavelength. The

corresponding value for the DCF is six times greater with opposite sign. The loss of SMF

is 0.2 dB/km and loss of DCF is 0.55 dB/km. The output power spectrum for 490 km is

shown in figure (6.4a). There is large variation of power from -15 dBm to +15 dBm. As

observed from figure (6.5), the last two channels have quality less than 15 dB. These

channels have received power less than input power -10 dB as observed in figure (6.6).

This occurs due to continuously large drop in power near 1560 nm. So this approach is

not used for a 490 km transmission distance. It is suitable for a lower WDM transmission

distance.

6.3.2 Gain Flattening Approach-II

The gain flattening approach-II is shown in figure (6.3b). In each of the spans, it consists

of a 60 km standard single mode fiber (SMF), one or more segments of DCF, EDFA1 and

EDFA2 as shown in figure (6.3b). For SMF, the value of the dispersion parameter D at the

operating wavelength is the same as in the gain flattening approach-I. The corresponding

value for the DCF is also six times greater with opposite sign. The loss in the SMF and

the loss in the DCF are the same as in gain flattening approach-I. By connecting an

EDFA1 and EDFA2 in series, the gain of the combination EDFAs becomes more flat and

higher. The different parameters used in EDFA1 and EDFA2 are presented in table (6.1).

The setup shown in figure (6.3a) is used for simulation. The simulation has been

performed with a single transmitter and receiver without any single mode fiber (SMF)

and dispersion compensating fiber (DCF) with variation of input power. The observed

gain and noise figure is shown in figure (6.7). The gain of EDFA block (i.e. series

combination of EDFA1 and EDFA2) is decreased with increase in input power. This

shows good agreement with result reported in [Novak and Moesle, 2002; Takahashi et al.,

1997]. The gain decreases due to the cross gain saturation [Novak and Moesle, 2002;

Takahashi et al., 1997] and the same effect is present in our results. At low value of signal

input, the level of amplified spontaneous emission (ASE) noise is quite high. This ASE

noise dominates the input signal. The noise figure of this EDFA block is also quite low as

shown in figure (6.7).
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Figure 6.3b: Gain flattening approach-II for transmission system of 16 × 40 Gb/s WDM signals.

Figure 6.4b: Variation of optical power spectrum with frequency in gain flattening approach-II.
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Figure 6.3c:  Gain flattening approach-III for transmission system of 16 × 40 Gb/s WDM signals.

Figure 6.4c: Variation of optical power spectrum with frequency in gain flattening approach-III.
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Figure 6.5:  Q factor variations with wavelength for different gain flattening approaches.

Figure 6.6: Variation of optical power received with wavelength for different gain flattening

approaches.
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Figure 6.7: Gain and noise figure of EDFA1 and EDFA2 in series for gain flattening approach-II.

Figure 6.8:  Gain as the function of wavelength of EDFA2 for gain flattening approach-II.
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In figure (6.2), there is a little valley in gain which is present before 1530 nm. This valley

is decreased by EDFA2. The gain variation of EDFA2 as shown in figure (6.8) makes the

gain of EDFA1 more flat for suitable length.

This gain flattening approach-II is used in figure (6.1) for transmission of same sixteen

channels at 40 Gb/s. This approach is also used for a transmission distance of 490 km.

The centre wavelength for this approach is 1550 nm for minimum attenuations. As shown

in figure (6.4b), the optical power spectrum is more uniform as compared to gain

flattening approach-I. The quality factor of all channels is more than 15 dB as shown in

figure (6.5). Also from figure (6.6), it is noted that for channel number 13, there is drop in

power of -12.5 dBm. This shows that there is a power penalty of 2.5 dBm. This flattening

approach is suitable up to the transmission distance of 420 km or less. This also shows

improvement over [Taga et al., 1994; Chung and Chung, 2005].

6.3.3 Gain Flattening Approach-III

The arrangement for gain flattening approach-III is shown in figure (6.3c). Each of the

spans consists of a 60 km standard single mode fiber (SMF), one or more DCF. An

EDFA1 and EDFA2 in series are at the end as shown in figure (6.3c).

In this an EDFA pre-amplifier is used to improve the received power. Here EDFA1,

EDFA2 and EDFA pre-amplifier are used together, so that the gain of this approach is

quite high. Therefore, we obtain a large output power. The parameters for the pre-

amplifier are shown in table (6.1). The loss of SMF and the loss of DCF are the same as

that in gain flattening approach-I. The gain of the EDFA block becomes more flat as

compared to gain flattening approach-I.

The gain spectrum of the EDFA pre-amplifier is shown in figure (6.9). This pre-amplifier

improves the received power. It also improves the gain flattening at wavelengths less than

1530 nm.

Figure (6.3c) illustrates the transmission of the same sixteen channels at 40 Gb/s with

gain flattening approach-III with transmission distance of 490 km. Here the centre

wavelength of 1550 nm is used for minimum attenuation in the communication path. As

shown in figure (6.4c), the optical power spectrum is similar to that as observed in gain

flattening approach-II. But a larger optical power spectrum is observed here. The

variation of power for each channel improves with the increase in wavelength. It also

shows good agreement with experiments [Taga et al., 1994] for four channels at 591.2

Mb/s. The quality factors of all channels above 15 dB are shown in figure (6.5).
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Figure 6.9:  Gain as the function of wavelength of pre-EDFA for gain flattening approach-III.

Figure 6.10: Schematic setup of transmission system of 16 × 40 Gb/s WDM signals.
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It is also observed from figure (6.6); large power improvement is noted for transmission

distance of 490 km. This shows an improvement over [Taga et al., 1994; Chung and

Chung, 2005; Miyamoto et al., 1999; Pizzinat et al., 2003]. Hence, the highest bit rate

distance product of 313.6 Gb/s Mm is obtained for 40 Gb/s by using cascaded physical

EDFAs. This bit rate distance product also shows an improvement over [Rottwitt et al.,

1993; Pizzinat et al., 2003].

6.4 Gain Flattening of EDFA by Using Optical Super Gaussian Filter

In order to flatten the response of EDFA, the simulation has been performed as shown in

figure (6.10). The time domain simulation is carried out with centre wavelength of 1550

nm. The value of all parameters is taken as reported in table (6.1). But optimum

evaluated length is 10 meters for the EDFA. The length of EDFA is used to compensate

the transmission link power drop. The peak gain of EDFA is notched by using optical

super Gaussian notch filter with bandwidth 500 GHz at centre wavelength of 1532.5 nm.

As we increase the pump power the gain increases. But variation of the gain with

wavelength is non uniform. It is observed that at 20 dBm pump power with notch filter,

we achieve a uniform gain for 20 nm bandwidth with gain excursion of ± 2 dB.

6.4.1 Simulation and Results of 16 × 40 Gb/s WDM Signals Transmission

The transmission performance of WDM signals using cascaded EDFA is analyzed. This

EDFA parameter as in table (6.1) has constant gain for large bandwidth. The centre

frequency of simulation is shifted to 1546 nm so that both sides bandwidth can be used

with the constant gain approach. The notch filter is used so that for long distance

transmission, the channels near 1530 nm does not saturate the EDFA quickly at small

transmission lengths. The schematic setup of 16 × 40 Gb/s WDM system is shown in

figure (6.10). For this, the DPSK signal is formed by encoding a continuous wave (CW)

Lorentzian light source and data in terms of NRZ-DPSK (non return to zero differential

phase shift keying) format launched into optical phase modulator. The NRZ data was

pseudorandom binary sequence (PBRS) with word length 210-1 at 40 Gb/s. The full wave

half maxima (FWHM) line_width of continuous wave light source is 1 MHz. The low

pass Bessel filter have 3 dB bandwidth of 40 GHz for generation of data source in terms

of NRZ format. Then this DPSK signal is launched into transmission link followed by

EDFA for measuring the response.
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Figure 6.11: Gain variation with wavelength for different transmission spans.

 Figure 6.12: Optical super Gaussian notch filter response with wavelength.
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Figure 6.13: Quality variation with wavelength for different transmission distances.

Figure 6.14: Received optical power variation with wavelength for different transmission

distances.
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At the output, a raised Cosine optical filter with bandwidth 50 GHz is used. The output

of the filter is fed into DPSK receiver for detection of signal. Sixteen Lorentzian shaped

line_width laser sources in the wavelength range from 1534 nm to 1558 nm (200 GHz

channel spacing) are each modulated by optical LiNbO3 phase modulators with a non

return to zero (NRZ) format. The input of each transmission channel is -10 dBm.

Therefore, the design carries 640 Gb/s WDM NRZ signals over different transmission

distances with 84 km EDFA spacing.

Each of the spans consists of a 72 km standard single mode fiber (SMF), one or more

DCF (dispersion compensating fiber) and an EDFA at the end. For SMF, the value of the

dispersion parameter D is 17 ps/km-nm at the operating wavelength. The corresponding

value for the DCF is six times greater with opposite sign. The loss of SMF is 0.2 dB/km

and loss of DCF is 0.55 dB/km. The time domain simulation is performed for the setup

shown in figure (1) with centre wavelength 1546.65 nm and 4.28 THz bandwidth.

The variation of gain with the wavelength for increase in spans is shown in figure (6.6).

The response of optical super Gaussian notch filter is also shown in figure (6.12).  It is

observed that the gain of EDFA goes on flattening with increase in transmission distance

as shown in figure (6.11). As from figure (6.10), the peak gain of EDFA is eliminated by

notch filter in each span. Here notch filter is used in cascaded manner as EDFA. first

order super Gaussian notch filter is used and EDFA for long distance transmission at high

bit rate.

As shown in figure (6.13) as the transmission distance is increased, the quality of received

signal goes on decreasing for all channels. This is due to the saturation of EDFA. As the

gain of EDFA is not uniform, so some channels get saturated more as compared to near

channels. Therefore, quality of received signal goes on decreasing. The power received

for all transmission distance is more than applied input power of -10 dBm as shown in

figure (6.14). As from figure (6.11), even the gain of EDFA moves toward flattening but

due to continuous increase in input power after every span the EDFA reaches to

saturation for some wavelengths. It is observed from figure (6.13) that all channels show

good quality for transmission distance of 336 km. This shows improvement over the

results reported in [Taga et al., 1994; Chung and Chung, 2005]. For transmission distance

of 504 km, the quality of signal reduces due to power saturation of EDFA. But all

channels show quality more than 15 dB i.e. the power margin. This shows an

improvement over [Taga et al., 1994; Chung and Chung, 2005; Miyamoto et al., 1999;

Pizzinat et al., 2003]. As the transmission distance increases up to 588 km, the quality of
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Table 6.2

Power budget for transmission distance 504 km.

Parameters 336 km 504 km

Launched power -10 dBm -10 dBm

Fiber loss 84 dB 126 dB

Maximum Redundant Amplifier gain ~120 dB ~150 dB

Input and output insertion loss 3.2 dB 4.8 dB

Receiver sensitivity -0.71 dBm -5.15 dBm

Power Penalty Nil Nil

Margin 9.29 dB 4.85 dB

some received wavelengths near the peak gain of EDFA is lower. This is due to the

saturation of EDFA.

The improved power budget calculated is reported in table (6.2). This shows good

improvement in received power at reasonable quality for 504 km. Hence, the highest bit

rate distance product of 322.56 Gb/s Mm is obtained for 40 Gb/s by using cascaded

EDFAs. This bit rate distance product also shows an improvement over [Singh and Kaler,

Sept. 2006].

6.5 Conclusions

The sixteen channels NRZ-DPSK signals transmission distance over 490 km at 40 Gb/s is

simulated. This can be achieved by the gain flattening approach-III of the EDFA. The

gain spectrum additions of these EDFAs make the gain nearly flat. Therefore, bit rate

distance product of 313.6 Gb/s Mm is achieved.

The simulation of sixteen channels NRZ-DPSK signals transmission distance over 504

km at 40 Gb/s has been done for the first time. It is possible by placing optical super

Gaussian notch filter after the EDFA in each span. The gain spectrum of the EDFA is

moved towards flattening with increase in transmission distance. Hence, bit rate distance

product of 322.56 Gb/s Mm can be achieved.



168

Chapter 7
Wavelength Converters for Optical Communication Networks

Based On Semiconductor Optical Amplifiers

7.1 Introduction

This chapter deals with wavelength converters for optical communication networks based

on the FWM and XPM in SOAs, which is the third objective of this research work.

Wavelength converters eliminate wavelength blocking in optical cross connects in

wavelength division multiplexed (WDM) networks and also increase the flexibility and

capacity of the network for a fixed set of wavelengths [Durhuus et al., 1996]. The

wavelength conversions based on semiconductor optical amplifiers (SOAs) and

semiconductor lasers have been focused during the last few years [Kovacevic and

Acampora, 1996; Durhuus et al., 1996].

The wavelength converter is improved here by enhancing these nonlinearities of SOAs

i.e. FWM and XPM. The structural optimization of SOAs is done for enhancing the

FWM and XPM effects. We have successfully simulated 50 nm up and down wavelength

conversion for non-return to zero differential phase shift keying (NRZ-DPSK) signal by

using four wave mixing in a semiconductor optical amplifier (SOA) at 10 Gb/s. The

chapter also provides the wavelength conversion using XPM in the SOA-MZI

configuration with wide band more than 15 nm up and down conversions.

7.2 Wide Band Optical Wavelength Converter Based On Four Wave

Mixing

Unlike wavelength converters based on cross gain modulation and cross phase

modulation in SOAs, four wave mixing (FWM) based converters keep both amplitude

and phase information and remain transparent to signal format [Durhuus et al., 1996;

Ludwig and Raybon, 1994]. It has also other capabilities including multi-wavelength

conversion and fiber dispersion compensation [Ludwig and Raybon, 1994]. In a four

wave mixing based converter [Agrawal, 2002], if 1  and 2  are the frequencies of input

signal and the converted signal, the pump frequency chosen is such that

2
21

p
+

=
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At the SOA output, a replica of the input signal appears at centre frequency 2 . FWM

requires the presence of both pump and input signal [Agrawal, 2002].

Wavelength conversion using four wave mixing effects in SOA generally has poor

efficiency and narrow conversion range. FWM based wavelength conversion is limited

when it is used in an ON-OFF keying (OOK) based transmission system. The signal

power must be increased to maintain the OSNR (optical signal to noise ratio) resulting in

variations of SOA gain and distortion in the converted signal. Lu et al. [2000] determined

that a signal-to-pump ratio of -9 dB was required to achieve a trade off between OSNR

and pattern distortion. It is noted that DPSK provides a 3 dB reduction in the received

OSNR which is required for a given bit error rate [Xu C. et al., 2003]. RZ-DPSK has a

continuous pulse sequence and eliminates the pattern effect from the converted signal.

This improves the OSNR (optical signal to noise ratio) of the converted signal.

Li et al. [2004] demonstrated single stage FWM wavelength conversion at 10 Gb/s for an

RZ-DPSK signal with a signal-to-pump ratio of -3.8 dB and Q penalty of 1.5 dB to

achieve better performance as compared to ON-OFF keying format. It has been reported

that a ten stage cascade wavelength conversion is possible for 800 km transmission

distance at 10 Gb/s using four wave mixing in SOA with narrow conversion range [Li et

al., 2004].

Morgan et al. [1999] demonstrated all-optical wavelength translation over 80 nm at 2.5

Gb/s using two orthogonally polarized pumps. Hsu et al. [2004] demonstrated wavelength

conversions with high efficiency of -10 dB over an 80 nm range at 10 Gb/s with the help

of assisted beam and dual pump four wave mixing.

Earlier work on wavelength converters using FWM in SOA was limited to 80 nm

wavelength conversion at 10 Gb/s. The Q factor penalty was found to be 1.5 dB at the

narrow range of conversion, the work has been extended as reported in [Li et al., 2004;

Hsu et al., 2004] for wide band conversion at 10 Gb/s by using numerical simulation. The

structure of the semiconductor optical amplifier has been optimized to achieve minimum

gain fluctuations with enhanced four wave mixing. Our simulated results show that the Q

factor penalty can be reduced to -1.74 dB at 50 nm wavelength translation at 10 Gb/s.

The maximum transmission distance reported [Li et al., 2004] for cascaded wavelength

converter is less than 800 km for narrow conversion at a bit rate of 10 Gb/s. We have

increased the maximum cascaded wavelength conversion distance to more than 1300 km

by using an optimized SOA for wide band conversion.
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7.2.1 Theoretical Analysis

The input signal applied to the SOA, inP , is equal to ( )0P . The output power, outP , is equal

to ( )LP  or inGP , where L  is the length of semiconductor optical amplifier. The

amplification factor, G , is given by:

in

out

P
PG =     (7.1)

In gain saturation [Agrawal. 2002], the optical gain per unit length, g , is reduced when

inP  becomes comparable to saturation power sP . Also the amplification factor G

decreases with an increase in the signal power. The optical gain is found to saturate as:

sin

o

/PP
g

g
+

=
1     (7.2)

Where the small signal gain og  is given by









−= to N

qV
Iag     (7.3)

Where  is the confinement factor, a  is the differential gain, V  is the active region

volume, I  is the bias current,  is the carrier lifetime, q  is the charge of electron and tN

is the transparency carrier density of the SOA.

Using the initial condition ( ) inPP =0  together with ( ) inout GPPLP == , the relation for

large signal amplification gain is obtained:

( )









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


−

−=
s
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o P

P
G

GGG 1exp     (7.4)

This equation shows that the amplification factor G  decreases from its unsaturated value

oG  when outP  becomes comparable to sP . The output saturation power s
outP  is defined as

the output power for which the amplifier gain G  is reduced by 3 dB from its unsaturated

value oG .

s
o

eos
out P

G
G

P
2

2log
−

=     (7.5)

Here, s
outP  is smaller than sP  by about 30%, so we need 2>>oG  in practice. s

outP

becomes nearly independent of oG   for dB20>oG . The unsaturated gain is

LgG oo =     (7.6)
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The gain variation, g , from Chapter 2
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If the carrier lifetime is increased, the gain variation is reduced as reported in [Xu et al.,

2003]. Similarly, if the bias current is decreased, then the gain fluctuations and crosstalk

are reduced. But by reducing the injection current from equations (7.3) and (7.6), the

amplification factor is reduced. The injection current can be optimized for minimum gain

fluctuation at sufficient amplification. Increasing the confinement factor produces gain

saturation and increases crosstalk. Increasing launched power also leads to an increase in

the induced crosstalk.

7.2.2 SOA Parameters

The standard InGaAlAs traveling wave SOA with negligible residual facet reflectivity is

taken as the amplifier model in our simulations. After solving the rate equation (7.7)

mentioned above and optimizing for the enhancement of FWM effect, the relevant

parameters are as follows: the length is 500 µm, the width of the active layer is 2 µm, its

thickness is 0.15 µm and the optimized confinement factor is 0.3. The transparency

carrier density in the SOA is taken to be 1 × 1018 cm-3 and the differential gain is 3 × 10-16

cm2. The carrier recombination time  at this density is estimated to be 300 ps, which

gives the saturation power sP = 14.24 mW.  The small signal gain ranges from 35.56 dB

to 33.25 dB for input signal ranging from -40 dBm to +10 dBm. The optimum bias

current is evaluated to be 400 mA which is in agreement with the results reported in

[Yamatoya and Koyama, 2004], as faster response was obtained at higher bias currents.

The input and output coupling losses of SOAs are taken as 3 dB.

7.2.3 SOA Validation

The various parameters of SOA are taken to optimize four wave mixing in SOA and

improve the efficiency of the wavelength converter. The simulation setup is shown in

figure (7.1). The DPSK signal is formed by sending a continuous wave (CW) Lorentzian

light source into an optical phase modulator. The NRZ data was a pseudorandom binary

sequence (PBRS) with word length 210-1 at 10 Gb/s. The full wave half maxima (FWHM)

line_width of the CW light source is 5 MHz. A low pass Bessel filter with 3 dB
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bandwidth of 5 GHz is used for NRZ format data generation. The DPSK signal is

launched into a 3 dB optical coupler with pump power applied to another port of the

coupler. After this, the coupler output is fed to the SOA with different parameters for

measuring the response. The output of SOA (dark black) is measured using a raised

cosine optical filter with bandwidth 20 GHz and centre wavelength of 1530 nm. The filter

output is fed into DPSK receiver for detection of received signal at 1530 nm. We are

using variable bandwidth simulation (VBS) technique for all setups in this paper. The

simulation accuracy is statistical. The overall amplitude error is 0.3 dB and the overall

group delay error is 1.2 ps. The variable bandwidth simulation is carried out with

simulation bandwidth of 6.11 THz and centre wavelength of 1550.39 nm.

The OSNR is calculated with resolution of 0.01 THz. The results are shown in figures

(7.2), (7.3) and (7.4). The results are shown in figure (7.2) for optical power versus

wavelength. It is observed that with the increase in the confinement factor, the four wave

mixing effect is pronounced due to gain variations in the SOA, as seen in the equation

(7.7). It is further observed that if the confinement factor increase to 0.4, the SOA-

induced crosstalk increases which produces gain saturation. Hence, gain saturation

increases in FWM signals and poor eye quality is observed at the output. When

confinement factor is 0.2 or less, the FWM is low and the detected signal is poor as

shown in the eye diagram in figure (7.2).

But when confinement factor is 0.3, the high quality is observed in the eye pattern at the

receiver. As shown in table (7.1), the highest Q factor (19.7 dB) and lowest jitter (0.006

ns) are observed for FWM signals at confinement factor 0.3.

The current is also optimized as shown in figure (7.3). The results show that as there is

increase in current, the power level of the FWM signals goes on increasing rapidly, which

shows an agreement with the above analysis. At a lower value of 300 mA, the FWM

effect is less, so a poor eye pattern is observed at the output.

But for a high current of 500 A or more, there are more fluctuations in gain. Therefore,

gain saturation occurs in the SOA and a poor eye pattern is observed for this current. At a

bias current of 400 mA, a clear eye pattern is observed with sufficient FWM signals. For

the bias current of 400 mA, the highest Q-factor of 16.55 dB and lowest jitter of 0.008 ns

are observed for the FWM signal as shown in table (7.2).

The optimization of the active region width is also presented in figure (7.4). As the width

of the active region of SOA increases, the gain fluctuations decrease. The FWM effect is

reduced for a high width of 0.2 µm and the quality of the detected signal is good.
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Figure 7.1: Schematic diagram of single stage up and down wavelength converter based on FWM

in optimized SOA (dark black).

Figure 7.2: Optical power spectrum variations with wavelength of input, pump and FWM signals

for different confinement factors of semiconductor optical amplifier with bias current

and width of 400 mA and 0.15 µm respectively.
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Table 7.1

Variation of quality and jitter for FWM signals with different confinement factors of SOA.

Figure 7.3: Optical power spectrum variations with wavelength of input, pump and FWM signals

for different bias currents of semiconductor optical amplifier with confinement factor

and width of 0.3 and 0.15 µm respectively.

Table 7.2

Variation of quality and jitter for FWM signals with different bias currents of the SOA.

Confinement Factor 0.2 0.3 0.4
Q factor (dB) 14.1 dB 19.7 dB 12.9 dB

Jitter (ns) 0.01 ns 0.006 ns 0.015 ns

Bias Current (mA) 300 mA 400 mA 500 mA

Q factor (dB) 10.69 dB 16.55 dB 12 dB

Jitter (ns) 0.012 ns 0.008 ns 0.013 ns

At I = 500 mA for = 1530, 1560 nm

At I = 400 mA for = 1530, 1560 nm

At I = 300 mA for = 1530, 1560 nm

Input signalPump signal
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Figure 7.4: Optical power spectrum variations with wavelength of input, pump and FWM signals

for different active region widths of semiconductor optical amplifier with optimized

confinement factor and bias current of 0.3 and 400 mA respectively.

Table 7.3

Variation of quality and jitter for FWM signals with different active region widths of the SOA.

Width (µm) 0.12 µm 0.15 µm 0.2 µm
Q factor (dB) 11.3 dB 19.37 dB 16.44 dB

Jitter (ns) 0.016 ns 0.006 ns 0.008 ns

At w = 0.12 µ m for = 1530, 1560 nm

At w = 0.15 µ m for = 1530, 1560 nm

At w = 0.2 µ m for = 1530, 1560 nm

Input signal

Pump signal
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Figure 7.5: Four wave mixing conversion efficiency as the function of input signal power for

different active region lengths of semiconductor optical amplifier. Taking optimized

confinement factor, bias current and width of the SOA.

Figure 7.5a: Eye diagram of FWM   Figure 7.5b: Eye diagram of FWM   Figure 7.5c: Eye diagram of FWM
signals at 400 µm.       signals at 500 µm. signals at 700 µm.

Table 7.4

Variation of quality, jitter and conversion efficiency for FWM signals with different active region

lengths of the SOA.

Length  (µm) 400 µm 500 µm 700 µm
Q factor (dB) 17.23 dB 18.43 dB 22.73 dB

Jitter (ns) 0.033 ns 0.006 ns 0.005 ns
Conversion efficiency (dB) -11.32 dB -12.21 dB -14.4 dB
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For lower values of the active region width i.e. 0.12 µm or less, the FWM signals are

pronounced due to gain variations in SOA. The crosstalk is generated, causing a poor eye

pattern for the converted signal. But for the width of 0.15 µm, a clear eye is observed

with good FWM signals. At 0.15 µm width of SOA, a good quality of 19.37 dB with

lowest jitter 0.006 ns is observed for the FWM signals as shown in table (7.3).

The variation in length can be optimized by using FWM conversion efficiency. The four

wave mixing conversion efficiency is given as the converted power at SOA output,

divided by signal power at the SOA input.

The FWM conversion efficiency goes on decreasing with the increase in input signal. It is

also observed that with an increase in active region length, the conversion efficiency of

the SOA decreases. If the length of SOA is 400 µm or less, then we obtain poor quality of

signal with high FWM conversion efficiency as shown in figure (7.5). For a longer active

region length of 700 µm or more, we get poor FWM efficiency. But at 500 µm, good

efficiency is obtained with a clear eye pattern as shown in figure (7.5b). For an active

region length of 500 µm, good conversion efficiency of -12.21 dB is obtained at a

sufficient quality factor of 18.43 dB with low jitter of 0.006 ns for FWM signals as shown

in table (7.4). These results show that SOA optimization for enhanced FWM is possible.

The bandwidth of an optimized SOA is estimated as shown in figure (7.6). If we apply 0

dBm input signal to optimized SOA with different centre wavelengths, then

approximately the same amplified output power is obtained for wavelengths from 1500

nm to 1600 nm. It implies that the gain of an optimized SOA is constant for this large

band. The 3 dB bandwidth of optimized SOA is quite large. This shows good agreement

with the result reported in [Yamatoya and Koyama, 2004]. Also from figure (7.6), good

OSNR is observed for the entire band.

7.2.4 Single Stage Four Wave Mixing Based Wavelength Converter

In a FWM based wavelength converter, the pump signal wavelength is chosen as the

average of the input and converted signal wavelengths. Therefore, the desired converted

signal wavelength can be obtained by suitably choosing the wavelength of the pump

signal. Figure (7.1) shows the simulation setup of wavelength converter. A Lorentzian

laser source provides pump light at 1539.54 or 1559.54 nm for up and down conversions

of 20 nm. The pump and signal lights are combined by a 3 dB optical coupler and

launched into an optimized SOA as in section 7.2.4. At the output of SOA, an optical

band pass filter with bandwidth of 60 GHz is used for selecting the converted signal.
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Figure 7.6: Optical output power of the SOA versus input light wavelength for 0 dBm input light

power at 10 Gb/s with DPSK receiver.

Figure 7.7: Variation of Q factor penalty with signal-to-pump ratio of different pump powers for

20 nm up and down wavelength conversion.



179

The signal is then fed to the SOA1 as reported in [Singh and Kaler, Dec.2005], followed

by another band pass filter with 20 GHz bandwidth for elimination of amplified

spontaneous emission (ASE) noise. If a narrow optical band pass filter is used, then a

good Q factor is obtained, but a large signal power drop occurs. For the detection of the

converted optical signal, a DPSK receiver is used at the same 10 Gb/s bit rate of the

transmitter.

If the conversion band is 50 nm or more, then the additional SOA2 is used to improve the

power level of the converted signal. For input signals from -20 dBm to +10 dBm, the

unsaturated gain varies from 39.14 dB to 37.44 dB for SOA1 or SOA2 in-line amplifiers

[Singh and Kaler, 2006]. The variable bandwidth simulations have been carried out

between the lower limit and the upper limit wavelengths of 1502.97 nm and 1600.07 nm.

The optimal signal-to-pump ratio is evaluated for the wavelength converter in terms of Q

factor penalty as shown in figure (7.7). The Q factor penalty is defined as the difference

of quality factor before and after wavelength conversion and is an important factor to be

considered. First of all, the simulation is carried out for 20 nm up and down conversions,

with only SOA1 used to amplify the weak converted signal. As shown in figure (7.7), we

find the dependence of Q factor penalty at a given input signal power for different pump

powers.

As we initially increase the input signal power, the Q penalty decreases for all pump

levels. But if further increase the input signal, the Q penalty increases rapidly after gain

saturation of SOA. As the pump power increases, the Q penalty becomes negative, which

means an improved converted signal is obtained; but if we further increase the pump

power, power drop of the converted signal occurs at a faster rate. The minimum Q factor

penalty of -0.32 dB with signal-to-pump ratio of -45 dB for down conversion is measured.

But typically, the signal-to-pump ratio needs to be maintained around -9 dB to achieve a

trade off between signal OSNR and pattern effect [Lu et al., 2000]. Therefore, the

minimum Q factor penalty observed is 1.5 dB at -9 dB signal-to-pump ratio for down

conversion at 5 dBm pump signal which is same as reported in [Li et al., 2004]. The

observed Q factor penalty is 3.29 dB at 7 dBm pump signal for the same converter. For

the up conversion, quality improvement is observed for signal-to-pump ratio of -12 dB

with pump levels 7 dBm and 9dBm. The minimum Q factor penalty observed is 1.5 dB at

a  signal-to-pump ratio of -9 dB at 0 dBm pump signal for up conversion which is the

same as reported in [Li et al., 2004].
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Figure 7.8a: Variation of Q factor penalty with signal-to-pump ratio of different pump powers for

50 nm up wavelength conversion.

Figure 7.8b: Measured Q factor penalty as the function of signal-to-pump ratio of different pump

powers for 50 nm down conversion.
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The simulation is carried out for 50 nm up and down conversion with both the SOA1 and

SOA2 used to amplify the very weak converted signal. Now, the Lorentzian laser source

provides pump light at 1574.60 nm and 1524.59 nm for up and down conversion. As

observed in figures (7.8a) and (7.8b), the Q penalty decreases up to the gain saturation

point of the SOA. After this, the penalty increases rapidly. For down converter, the Q

penalty is almost the same for pump powers from 0 dBm to +7 dBm as observed in figure

(7.8b).

The minimum Q penalty is 1.65 dB for a signal-to-pump ratio of -9 dB, for both 0 dBm

and 7 dBm pump power. For pump power of 7 dBm, the Q factor penalty is 2 dB, for the

signal-to-pump ratio of -6 dB. It is also observed from the figure (7.8a) that minimum Q

factor penalty is 6.08 dB at signal-to-pump ratio of -9 dB for up converter with pump

power 7 dBm.  It is investigated that the minimum Q factor penalty for up converter is -

1.71 dB for the signal-to-pump ratio of -5 dB  at 0 dBm pump signal, which is an

improvement over the result reported in [Li et al., 2004] for the small range SOA

wavelength converter. The improvement observed in quality factor is 3.21 dB for this

wide band wavelength converter as compared to the results reported in [Li et al., 2004].

They reported the penalty of 1.5 dB for the same signal-to-pump ratio of -5 dB. Hence,

the converted signal shows an improvement in quality over the applied input signal.

As shown in figures (7.9a) and (7.9b), the converted signal power increases up to gain

saturation, then decreases with the increase in input signal. At 0 dBm pump power, it is

observed that converted signal power is -26.6 dBm. With the addition of SOA2 amplifier,

the improvement in signal quality is 1.74 dB and the output power is improved to 8.35

dBm as shown in figure (7.9a). A clear eye pattern is also observed as shown in figure

(7.9c).

The conversion efficiency of the up and down converters for different bands is also

calculated. The conversion efficiency variation with input signal power is shown in figure

(7.10). The additional SOA2 amplifier is used in up conversion for high conversion

efficiency over 50 nm.

The conversion efficiency decreases with the increase in input signal power. For down

converter, the efficiency is less than the up converter with conversion band of 50 nm. But

for conversion band of 20 nm, almost the same conversion efficiency is observed for both

up and down conversions. The optical power spectrum is shown in figure (7.11) for up

converted, down converted, pump and input signals.
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Figure 7.9a: Variation of converted signal power with input signal power of different pump

powers for up converter with and without additional SOA2.

Figure 7.9b: Variation of converted signal power with input signal power of different pump

powers for down converter without SOA2 pre-amplifier.
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Figure 7.9c: Eye pattern of 50 nm up converted signal at 0 dBm signal-to-pump ratio.

Figure 7.10: Conversion efficiency as the function of input signal power for up and down

conversion with different band.
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Figure 7.11: Optical spectrum for up converted, down converted, pump and input signal.

Figure 7.12: Re circulating span configuration of cascade wavelength conversion.
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It is observed that the optimized SOA has large bandwidth. This is due to the constant

gain for the input signal power which is less than the saturation power. The gain variation

can be decreased by optimizing the SOA parameters. The quality of FWM signals is

almost the same for the entire band with single SOA. But there is a power drop in

converted signal for 50 nm up and down conversions. This power drop can be

compensated using an SOA in-line amplifier. The conversion range measured is 100 nm

for down to up conversion which is larger than that is reported in [Hsu et al., 2004].

7.2.5 Cascaded Wavelength Conversion

In order to increase the capacity and flexibility of the optical networks using wavelength

converter, it is essential to check the cascadability of this wavelength converter.

The same wavelength converter setup is used as above with down conversion of NRZ-

DPSK signal format from 1550 nm to 1500 nm with pump power of 0 dBm. The same

pump power is used for up conversion from 1500 nm to 1550 nm. Figure (7.12)

represents a cascade configuration with a span count of 10 or higher for a long

transmission distance of 1300 km.

The length of dispersion compensating fiber (DCF) is chosen in accordance with

[Agrawal, 2002] for complete compensation ( 0=D ). For SMF, the value of dispersion

parameter D at the operating wavelength is 17 ps/km-nm. The corresponding value for

DCF is six times greater with an opposite sign for the first and second order dispersion

management. The loss of SMF is 0.2 dB/km and loss of DCF is 0.55 dB/km. A fully

compensating system is formed. So for a transmission distance of 130.2 km, the optical

input signal and output power signal are almost the same at -10 dBm with an

improvement in quality of signal by using a single SOA1 in-line amplifier.

Figure (7.12a) is produced by repetitions of transmission distance 130.2 km with SOA1 at

the end as presented in figure (7.12) for the transmission distance of 1302 km. If the input

signal power is taken as -10 dBm for this system then the output power obtained is -9.96

dBm with an improvement in quality factor of 2 dB after time domain simulation.

The numerically simulated and calculated results from setup shown in figure (7.12) are

presented in plot (7.13). The two curves show the variations of quality with converter

stages. The previous converter [Li et al., 2004] has small conversion range while this

converter has wider range up to 50 nm. For the same number of stages, present cascaded

wavelength conversion shows much better quality up to ten stages.
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Figure 7.12a: NRZ-DPSK transmission system.

Figure 7.13: Variation of Q factor against converter stages for present (50 nm range) and

previous$ wavelength converter.
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After ten stages of wavelength conversion, a Q factor of 15.53 dB is obtained. Cascaded

wavelength conversion over 1302 km is possible for 10 Gb/s NRZ-DPSK format using

FWM in SOA.

This wide band FWM based wavelength converter for DPSK shows high cascadability as

compared to FWM based converter in OOK transmission system reported in [Li et al.,

2004]. The transmission distance is limited due to Q penalty. The Q penalty goes on

increasing due to the increase in gain fluctuations of SOA and nonlinearities in the

transmission path. The gain fluctuations in SOA increases as the input signal power

approaches the saturation power. Further optimization of SOA is possible for increasing

the cascadability of optical networks. This can be achieved by optimizing other

parameters of SOA i.e. differential gain, thickness, transparency carrier density, carrier

recombination time etc.

7.3 Wavelength Converters Based on Cross Phase Modulation in

SOA-MZI Configuration

Wavelength conversion technique based on four wave mixing in the SOA has high bit

rate capability [Ludwig and Rayton, 1994] and transparency to modulation format

[Schnabel, 1994]. The wavelength conversion at 20 Gb/s and higher bit rate using FWM

in SOA is possible. But conversion efficiency for this scheme is not very high. So it is

difficult to retain a large signal-to-noise ratio (SNR) for converted signal in cascaded

wavelength converters.

So to overcome the problems of XGM and FWM scheme, the SOA converters can be

used in cross phase modulation (XPM) mode. The XPM scheme is based on the

dependency of refractive index of the carrier density in the active region of the SOA.

Incoming signals deplete the carrier density and modulate the refractive index. Therefore,

phase modulation of a continuous wave (CW) signal is coupled into the converter. The

phase modulated CW signal can be demultiplexed after the converter [Patrick and

Manning, 1994].

Majumder et al. [2003] reported XPM based SOA Mach-Zehnder interferometer (SOA-

MZ1) wavelength converter. They have optimized the bias current, optical filter

bandwidth, and pump intensity in the SOA-MZI arrangements to achieve high signal-to-

noise ratio. This wavelength conversion can be achieved for up and down conversions up

to 2 nm for NRZ (non return to zero) signal at 10 Gb/s [Majumder et al., 2005].
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Song et al. [2004] reported the maximum up conversion efficiency of 7 dB, but this can

be possible only at very low optical power. In this part, the work reported in [Patrick and

Manning, 1994; Majumder et al., 2003] is extended to increase the up and down

wavelength conversion range. The improvement in the conversion efficiency is also

reported.

7.3.1 Wavelength Converter Setup Based On XPM

The simulation setup of wavelength converter is shown in figure (7.14). The NRZ-OOK

signal is produced by encoding CW signal with NRZ data with wavelength 210-1 into the

amplitude modulator. For the compensation of loss, EDFA is used to amplify the signal.

The EDFA have fixed gain of 25 dB with noise figure 4.5 dB.

The signal with wavelength 1552.52 nm is sent to lower port of SOA-MZI and the pump

is applied at upper port with desired wavelength, which is required at the output. In order

to generate the SOA-MZI configuration, two 3 dB optical coupler are used. The

formation of the SOA-MZI is optimized so that maximum cross phase modulation

produces the requirement inside the SOA-MZI. The upper semiconductor optical

amplifier represented by SOA1 and lower is represented by SOA2. The output of the

SOA-MZI is applied to the raised cosine band pass filter with optimized bandwidth of 20

GHz.

Then its output is detected by PIN photodiode at converted wavelength. The sensitivity

of the receiver is -27 dBm and responsivity is 1 V/W. The quantum efficiency of receiver

is 0.75. The simulation is carried out at centre frequency of 193.1 THz. The time domain

simulation bandwidth is varied according to the conversion range.

7.3.2 SOA Parameters Validation for Enhancement of XPM

In order to enhance the XPM in the SOA-MZI configuration as shown in figure (7.14),

one semiconductor optical amplifier (SOA2) is taken as standard practical and another

SOA1 structure is optimized for enhancement of the XPM in the SOA-MZI

configuration.

First of all, the input wavelength is taken as 1552.52 nm and converted wavelength

chosen is 1553 nm for the validation of SOA1. The simulation setup shown in figure

(7.14) is used to validate the parameters of the SOA1, for enhancing the XPM.

The table (7.5) shows that as the active region length of SOA1 increases, the Q factor

penalty goes on decreasing up to saturation power of SOA1.
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Figure 7.14: Wavelength converter setup based on cross phase modulation.

Table 7.5

Active length of the SOA1 variation with input signal for converted signal wavelength of 1553

nm.

Active Region
Length(µm)

Q Penalty (dB)

At different Signal
input Power (dBm)

-8 dBm -5 dBm -3 dBm 0 dBm

1000 15.84 8.9 6.4 6.97
1500 9 1.97 1.44 1.99
1700 8.86 1.78 1.47 2.1
1800 8.91 1.97 1.61 2.15
2000 8.91 1.97 1.61 2.15

Table 7.6

Optical filter bandwidth variation with input signal for converted signal wavelength of 1553

nm.

Optical Filter
Bandwidth

Q Penalty (dB)

At different Signal
input Power (dBm)

-8 dBm -5 dBm -3 dBm 0 dBm

15 15.03 23.09 22.45 19.65
20 18.01 25.93 27.05 26.64
30 16.42 24.06 24.7 26.27
40 15.38 23.24 24.22 26.36

Pump laser
at 1534 nm
to 1560 nm PIN

Photodiode
Detection

Raised Cosine
BPF with

centre
wavelength
1534 nm to

1560 nm

EDFA

SOA1

SOA2

3 dB
Coupler

3 dB
Coupler

NRZ-OOK
Signal at

1552.52 nm

SOA-MZI
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Figure 7.15: Q factor penalty variations with signal input power for different bias currents.

Table 7.7

Parameters of the SOA-MZI for wavelength converter based on XPM.

Parameters SOA1 SOA2

Bias current 700 mA 400 mA
Length of the active region 1700 µm 300 µm
Width of the active region 2 µm 1.5 µm

Thickness of the active region 0.2 µm 0.2 µm
Confinement factor 0.4 0.4

Carrier lifetime 0.19 ns 0.3 ns
Transparency carrier density 1×1018 cm-3 1×1018 cm-3

Material gain 2.3×10-16 cm2 2×10-16 cm2

Line enhancement factor 3 3
Input and output coupling loss 3 dB 3 dB
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From table (7.5), it is observed that the active region length of SOA1 is 1700 µm which

shows the minimum Q factor penalty.

The bias current of the SOA1 is also optimized for boosting the XPM. As shown in figure

(7.15), if the bias current increased from 300 mA to 600 mA, the Q factor penalty

continuously falls. The same case is observed in [Majumder et al., 2003; Majumder et

al., 2005]. It is observed that minimum Q factor penalty is observed at 700 mA bias

current, before the saturation of the SOA1. If there is further increase in the bias current,

then large Q factor penalty is observed. The table (7.6) shows the optimized optical filter

bandwidth by using optimum bias current 700 mA and length 1700 µm of SOA1.

At 20 GHz, optical filter bandwidth of the raised cosine filter shows maximum Q factor

for all input signals. Table (7.7) shows the optimized parameters of the SOA-MZI for

wavelength converters based on the XPM.

It is observed that longer length of the active region and high bias current of the SOA

leads to faster response and small gain variation of SOA device [Singh and Kaler, Oct.

2006]. Higher bias current of the SOA provides the best gain with wider spectrum

bandwidth of the SOA.

7.3.3 Results and Discussions

In order to observe the performance of wavelength converter, the Q factor penalty versus

signal input power is observed for different pump power as shown in figure (7.16). The

input signal wavelength 1552.52 nm is converted to 1553 nm.

The Q factor penalty goes on decreasing with the increase in the pump power. This shows

good agreement with result reported in [Durhuus et al., 1996]. At 1 dBm pump power, the

minimum Q factor penalty is 1.14 dB at signal-to-pump of -6 dB.

It is reported that minimum signal-to-pump power is -9 dB [Lu et al., 2000]. It is also

observed that as the input signal power is increased, Q factor penalty is decreased up to

saturation of the SOA1. After saturation power of the SOA1, Q penalty goes on

increasing.

The converter setup shown in figure (7.14) is also used for up and down conversion with

wide band range. The time domain simulations bandwidth increases according to

conversion ranges. As shown in figure (7.17), as the up conversion range increases up to

1553.1 nm for input signal 1552.52 nm.

The improvement in quality of 0.2 dB is observed at signal-to-pump of -6 dB. Hence this

meets with requirements for increasing the cascadability of optical networks.
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Figure 7.16: Q factor penalty variations with signal input power for pump bias currents.

Figure 7.17: Q factor penalty variations with signal-to-pump ratio for up conversion

wavelengths.
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Figure 7.18: Conversion efficiency as the function of signal input power for up conversion

wavelengths.

Figure 7.19: Q factor penalty variations with signal-to-pump ratio for up conversion wavelength.
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Figure 7.20: Conversion efficiency as the function of signal input power for up conversion

wavelengths.

Figure 7.21: Optical power spectrum and OSNR as the function of wavelength for input, up

converted, down converted signals.
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Where high SNR (Q factor) is required. If the up conversion range increases more than 15

nm from input signal wavelength, the minimum Q factor penalty 0.72 dB is observed for

converted signal at 1560 nm. Figure (7.18) shows the conversion efficiency as the

function of signal input power for different conversion range. Almost same conversion

efficiency is observed up to converted signal wavelength of 1560 nm.

The figure (7.19) shows the case of down conversion. For the converted signal

wavelength 1551 nm, the minimum Q factor penalty is 0.04 dB at signal-to-pump power

of -9 dB. For wideband down converted signal wavelength 1534 nm, the observed Q

factor penalty is 1.05 dB for signal-to-pump power. The conversion efficiency for down

converted signal is shown in figure (7.20).

The conversion efficiency for all conversion range is almost same. Figure (7.18) and

(7.20) show that conversion efficiency is around 6 dB and 9 dB at minimum Q factor

penalty. This shows an improvement over results reported in [Song et al., 2004]. The

conversion efficiency goes on decreasing with the increase in signal input power for both

up and down conversion. The optical power spectrums versus conversion range more than

15 nm for both up and down conversions are shown in figure (7.21). The clear eye pattern

observed at converted signal wavelength 1534 nm and 1560 nm.

7.4 Conclusions

This Chapter deals with 50 nm up and down wavelength conversion for non-return to zero

differential phase shift keying (NRZ-DPSK) signal by using four wave mixing in a

semiconductor optical amplifier (SOA) at 10 Gb/s. The gain fluctuations are decreased by

selecting suitable parameters of the SOA to achieve sufficient quality with enhancement

in four wave mixing signals. The minimum Q factor penalty observed is 1.5 dB at signal-

to-pump ratio of -9 dB for both up and down conversion range of 20 nm. The Q factor

improvement observed is 1.74 dB for signal-to- pump ratio of -5 dB at 0 dBm pump

signal for 50 nm up converter. Ten stage cascaded wavelength conversion over 1302 km

single mode transmission is possible for 10 Gb/s NRZ-DPSK format by using FWM in

the SOA. Therefore, these SOA parameters can be utilized for designing of optimized

SOA and wide band wavelength converter. For cascaded wavelength converter, the

transmission nonlinearities in single mode fiber can be managed by using dispersion

compensating fiber with second order dispersion management.

It has been also found that the wavelength conversion using XPM in the SOA-MZI

configuration with the wide band more than 15 nm up and down conversions is observed
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for the first time. It is observed that the high active region length and bias current in the

SOA leads to XPM in the SOA-MZ1 configuration. For this, low pump power of 1 dB is

observed. For up conversion range of 0.58 nm, an improvement in quality of 0.2 dB is

observed at signal-to-pump power of -6 dB. This wavelength converter provides

conversion band more than 15 nm for both up and down conversions. The conversion

efficiency of this converter is more than 11 dB at signal-to-pump power of -9 dB.

On the whole, these wavelength converters lead to an increase in the cascadability of the

wavelength converters for increasing the capacity of future optical networks.
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Chapter 8
Performance Comparison of Optical Network Topologies in

Presence of Optimized Semiconductor Optical Amplifiers

8.1 Introduction

This chapter investigates the performance of optical communication network topologies

in presence of optimized semiconductor optical amplifiers, which is the fourth objective

of this research work. The performance of bus, ring, star and tree network topologies for

10 Gb/s DPSK signal in presence of optimized semiconductor optical amplifiers is

compared at low signal input power. It has been evaluated that the tree network topology

offers maximum number of users with minimum utilization of SOAs and optical coupler.

The optical multiplexing and switching techniques are used for increasing the capacity

[Marrachi and Dekkar, 1994]. In the WDM system, the implementations of

encoders/decoders and time multiplexer /demultiplexers at Tb/s are very difficult so

optical network topologies reduces the complexity. A physical broadcast topology must

have minimum number of couplers, multiplexers, demultiplexers and optical amplifiers to

reduce the cost in the large network. In addition, the minimum received power is required

for a given the BER to maximize the number of users.

The semiconductor optical amplifier (SOA) has attracted much attention as cost effective

compared to erbium doped fiber amplifier for optical transmission using the differential

phase shift keying (DPSK) [Wei and Zhang, 2005]. The bus topology supported very few

users (typically < 20) [Wagner, 1987].  Due to the ASE noise and gain saturation of

SOAs, the number of users is limited but by use of SOAs, the single channel bus network

has uniform power levels at bit rate of 20 Mb/s with repeater spacing of 0.5 km.

Ross et al. [1989] reported that fiber distributed data interface (FDDI) is a ring network

designed with fiber. Due to power budget problem, the number of nodes in typical ring

are limited to less than 6 at bit rate of 2.5 Gb/s. Willner and Hwant  [1995]  reported that

a ring network was to accommodate 25 nodes by using (EDFA) erbium doped fiber

amplifiers and novel narrow band channel dropping filter at bit rate of 2.5 Gb/s. It was

demonstrated that only three node ring by using cascaded SOA for 40 km up stream

transmission is possible [Iannone et al., 2000].

The star topology distributes optical power equally at output ports. The number of users

supported by star is less than 64 [Chen, 1992]. Many researchers have worked to reduce
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the network cost by decreasing the components in star couplers as discussed in section

1.5.5 of the Chapter 1. The SOAs can be easily integrated with integrated optic

implementation as transmitter or receiver chips.  Therefore, the SOAs are good candidate

to reduce the cost of star network. Singh et al. [1996] investigated that star topology

supported maximum users with SOAs. At minimum transmitted power of -30 dBm, the

number of users supported is limited to 4 only at 1 Gb/s. They found that pre-amplifier

utilization of SOAs was efficient.

The tree network topology provides large geographical area coverage with fiber and

capacity of network can be increased by use of wavelength division network (WDM).

Gerla et al. [1988] evaluated that total number of users supported are nbN u = , where

b is number of branches and n is number of users per branch in the tree network. The

power loss in tree network topology can be reduced by using multistage star coupler

[Green, 1993]. Singh et al. [1997] investigated that tree network supported large number

of users supported with lesser number of SOAs at 1 Gb/s, but a large transmitter power

for both unsaturated and average gain saturated SOA has been taken at 1 Gb/s bit rate

only. Due to increased bit rate and bandwidth demands in optical network, further work is

required in order to utilize less power, less fiber, less SOAs and couplers used in various

optical network topologies.

8.2 Bus Network Topology with Optimized SOAs

The schematic setup for the bus network topology is shown in figure (8.1). Each user is

connected to bus through the optical coupler having output port ratio 50 to

complementary output port. Every user is connected to each other by single mode fiber

(SMF) and dispersion compensating fiber (DCF) through optimized SOA. The length of

the dispersion compensating fiber (DCF) is chosen in accordance with [Aggarwal, 2000]

for complete compensation ( 0=D ). The total minimum fiber link is approximately 1.08

km. The placement of one SOA is done in the start of each segment in order to continue

broadcasting the information from transmitter users i.e. segment 1-i  shown in figure

(8.1). After every SOA in segment, there are four users supporting at appropriate signal

input power.

Each transmitter section consists of data source, laser source, electrical driver and optical

phase modulator. The data source is non return to zero format at 10 Gb/s. The electrical

driver converts binary sequence into electrical signal.
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Figure 8.1: Schematic setup for broadcast bus network topology using optimized SOAs.

Figure 8.2: Quality factor as the function of different signal input power with given number of

users supported for bus network topology in presence of optimized SOAs.
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The Lorentzian laser source having wavelength of 1550.52 nm is used to modulate optical

LiNbO3 phase modulator with non return to zero (RZ) format and acting like transmitter.

Each of the receivers has same reception wavelength as that of the transmitter in order to

distribute the signal as in the segment 1-i . The simulation is performed with simulation

bandwidth 1.2 THz and centre wavelength of 1550.13 nm.

For eight users bus network topology, the simulation is performed for different signal

input power by using two optimized SOAs only. As shown in figure (8.2), the quality of

signal goes on decreasing with decrease in signal input power. Also, as shown in figure

(8.3), the power penalty goes on increasing with the increase in the signal input power.

At low value of signal input power -30 dBm, the effect of amplified spontaneous

emission (ASE) noise power is quite high [Yamatoya and Koyama, 2004]. Therefore, the

quality of signal broadcast in bus network topology goes on decreasing. At high value of

signal input power 0 dBm or above, the gain fluctuation occurs at high rate. Therefore,

the gain of the SOA drops, causing power penalty. When the SOA is not used in the

setup, there is large power penalty observed as shown in figure (8.3). Also from figure

(8.3), the power received goes on decreasing from transmitting users with increase in

receiver distance for different destination users. This is due to the non-uniform

distribution of power among the users in bus topology network, which shows good

agreement with results [Wagner, 1987]. After four users, there is increase in received

power for fifth user due to the SOA.

But the quality of the signal drops due to gain saturation of the SOA as shown in figure

(8.2). The performance of bus network topology is shown in figure (8.4) for number of

users supported with the SOA and optical coupler for different signal input power. For the

simulation of bus topology at -30 dBm signal input power, no users are supported as

shown in figure (8.4). This is due to the increase in ASE noise power, which drops the

quality of received signal. At -5 dBm signal input power, the effect of ASE noise power is

less.

Therefore, the maximum users supported are 17. If signal input power is increased to 0

dBm, the number of users supported drops to 4 due to the gain saturation. If the output

port ratio of optical couplers used is 40 then number of users supported increase up to 27.

This shows an improvement over previous results.



201

Figure 8.3: Received optical power as the function of different signal input power with given

number of user supported for bus network topology in presence of optimized SOAs.
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Figure 8.4: Bar graph for bus network topology in order to observe the efficiency in terms of

number of user supported, SOAs, optical couplers for different signal input power.
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The number of users supported increases due to adjusting the optical coupler output port

ratio to 40. This will reduce the output power for next users after coupler, but reduction in

power does not achieve the power penalty. This reduced power will also reduce the effect

of gain saturation in the SOA. The effect of the ASE noise power is almost negligible at

this condition. Therefore the users supported are increased.

8.3 Ring Network Topology with Optimized SOAs

The ring topology network is shown in figure (8.5) for different nodes. Each node is

connected to other by link of fully dispersion compensating system [Aggarwal, 2002] and

SOA. Each node has same transmitter and receiver with optical coupler in the bus

topology network shown in figure (8.5).

Optical couplers add new channels at different wavelengths and drop the previous

channel. Here, it has considered that the channel which is dropped at particular node is

added at the previous node. As shown in figure (8.5a), the node 1N  adds new channel at

wavelength 1 and drops channel from previous node nN at wavelength n . The first

simulation is performed for eight number of users at bandwidth 1.6 THz and centre

wavelength 1550.14 nm.

The results for different signal input power for quality and output power of received

signal are observed as shown in figurers (8.6) and (8.7) with one span simulation. It is

observed that sufficient received power is received at the output for all the users at

different signal power as shown in figure (8.7). But, while the optimized SOA is not used

in the path between nodes, there is large power penalty observed for -10 dBm input

power. It is observed that the quality at -40 dBm input power is dropped for the starting

users as shown in figure (8.7). This is due to outside noise effect, which is more for

starting users. For all input signal power, there is sufficient quality observed for all users.

Further, the number of users is increased and the quality and received power of dropped

channels for different users at small input power is observed. Here simulation is done for

two spans to observe the real performance of ring topology network. As shown in figure

(8.8), as the number of users increase, there is improvement in quality for both signal

input power at -40 dBm and -30 dBm. For the eight number of users supported, the

performance of ring topology network is poor due to single span simulation. However, for

large number of users, the sufficient power and quality is observed as shown in figurers

(8.8) and (8.9) for two span simulation.
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Figure 8.5: Schematic setup for ring network topology using optimized SOAs.

Figure 8.5a: Schematic setup for a node in ring network topology.
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Figure 8.6: Quality factor as the function of different signal input power with given number of

nodes supported for ring network topology in presence of optimized SOAs.

Figure 8.7: Received optical power as the function of different signal input power with given

number of nodes supported for ring network topology in presence of optimized SOAs.
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Figure 8.8: Quality factor as the function of number of nodes supported with low signal input

power for ring network topology in presence of optimized SOAs.

Figure 8.9: Received optical power as the function of number of nodes supported with low signal

input power for ring network topology in presence of optimized SOAs.
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The maximum numbers of nodes supported are 27. This result shows improvement over

the results reported in [Willner and Hwant, 1995; Iannone et al., 2000].

8.4  Star network topology with optimized SOAs

The star coupler in uu NN × star network is made up of 2×2 optical coupler [Kobrinski et

al., 1987]. An 8×8 star coupler is formed by using 2×2 optical coupler as shown in figure

(8.10). A uu NN × star coupler has uN2log  stages and required ( ) uu NN 2log2

number of 2×2 optical coupler as shown in figure (8.10). Eight DPSK based transmitters

are used here same as in bus network topology and connected to star coupler by using 1

km fiber links. It has been considered that the insertion loss, splice loss etc. are 1.5 dB at

the each port of optical coupler in star coupler. The single mode fiber link is used to

connect the users and star couplers. The simulation is done at bandwidth 2.5 THz and

centre wavelength 1553.4 nm. It has been considered that transmitter user 1st passes

information to receiver of 2nd user and transmitter user 2nd passes information to receiver

3rd and so on.

Figure (8.11) and (8.12) represents the quality and received power at different signal

input power for eight users. The quality of received signal is decreased with the increase

in signal input power of transmitter in 8×8 star coupler. This is due to the gain saturation

of SOAs.

There is increase in power penalty as the signal input power increases as shown in figure

(8.12). At 0 dBm signal input power, there is small power penalty observed at the

receiver. When the SOAs are not using in star coupler, there is large power penalty

observed as shown in figure (8.12). The number of users can be increased by using

nn × star coupler configuration as shown in figure (8.13). As the numbers of users are

increased, the power received goes on decreasing due to insertion and splice losses as

shown in figure (8.14). For -40 dBm signal input power, the insertion loss and splice loss

can be reduced to increase the number of users supported. As from figure (8.14), it is

observed that eight users can be supported for minimum signal input power -40 dBm.

From here, it is also found the number of SOAs and optical coupler used in uu NN × star

coupler.  The number of SOAs used is uN . Also the number of optical coupler used is

( ) uu NN 2log2 .

The number of SOAs used = uN
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Figure 8.10: Schematic setup of 8 × 8 star coupler for star network topology in presence of

optimized SOAs.

Figure 8.11: Quality factor as the function of different signal input power with given number of

users supported for star network topology in presence of optimized SOAs.
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Figure 8.12: Received optical power as the function of different signal input power with given

number of user supported for star network topology in presence of optimized SOAs.

Figure 8.13: Schematic setup of n × n star coupler for n number of users star network topology in

presence of optimized SOAs.
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Figure 8.14: Received optical power as the function of number of users supported with -40 dBm

signal input power for star network topology in presence of optimized SOAs.

Figure 8.15: Schematic setup of 4 × 4 star coupler with one SOA for tree network topology in the

presence of optimized SOAs.
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Figure 8.16: Quality factor as the function of different signal input power with given number of

users supported for tree network topology in presence of optimized SOAs.

Figure 8.17: Received optical power as the function of different signal input power with given

number of user supported for tree network topology in presence of optimized SOAs.
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Figure 8.18: Schematic setup of n × n star coupler for n number of users in tree network topology

in presence of optimized SOAs.

Figure 8.19: Received optical power as the function of number of users supported with -40 dBm

signal input power for tree network topology in presence of optimized SOAs.
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The number of Optical coupler used = u
u NN

2log
2 




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8.5  Tree network topology with optimized SOAs
Tree network topology is consisted of star as main topology and folded bus as auxiliary

topology. In tree net topology, the total number of users supported is bnN u = [Gerla and

Fratta, 1988]. Here, b = 4 are branches and n = 1 is number of users per branch. The 4×4

star coupler with one SOA in tree net topology is shown in figure (8.15). The DPSK

transmitter and receiver used here are same as used in the bus network topology. The

simulation results of tree network topology for four users are shown in figures (8.16) and

(8.17).

From figure (8.17), it is observed that power received goes on decreasing with increase in

signal input power. However, the quality for all signal input power is almost same. While

-30 dB outside noise is added in setup as shown in figure (8.15), the sufficient power is

received. However, quality of received signal falls to 16 dB approximately.

If the number of users supported increases in the tree net topology then 2 dB power

penalty as shown in figure (8.19). This is due to the gain saturation of the SOA and

insertion loss etc. Figure (8.18) shows the setup for tree network topology for n  number

of users.

For eight users, two SOAs are used. The required power at the receiver is shown in figure

(8.19). This shows an improvement over [Singh et al., 1997], as the number of users

supported for minimum signal input power at -40 dBm. It is found that for n  number of

users, there is need of 88 nn ×  optical star couplers required.

The number of SOAs used =
8
n

The number of optical coupler required = 





 ++

842
2 nnn =

4
7n

8.6  Comparison of Optical Network Topologies

The performance of optical network topologies with optimized semiconductor optical

amplifier at minimum signal input power is shown in figure (8.20). The performance of

all optical network topologies is compared in terms of users supported, SOAs and optical

couplers. For bus network topology, we need high signal input power of -5 dBm in order
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Performace Comparsion of Optical Network Topologies in
presence of SOA at minimum signal Input Power
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Figure 8.20: Bar graph for different network topologies in order to observe the performance in

terms of number of user supported, SOAs, optical couplers at minimum signal input

power.
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Figure 8.21: Bar graph between number of users supported and number of optimized SOAs for

star and tree network topologies at -40 dBm signal input power.
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Performace Comparsion of Star and Tree Network Topologies in presence
of SOA at -40 dBm Input Power
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Figure 8.22: Bar graph between number of users supported and number of optical couplers for star

and tree network topologies at -40 dBm signal input power.
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to support maximum number of users up to 27. Even the number of optimized SOAs is 8

only. If the number of users are increased more than 27, then power penalty is found for

next users. Although the number of optical couplers are same as users supported. Even

then the bus network topology supports less number of users. Therefore, this topology is

used in local area network.

In ring network topology, the number of users supported can be increased by using more

SOAs and optical couplers. Here, the simulated results for maximum number of users are

28 only. In ring network topology, the possibility of propagation delay is more as

compared to other topologies. If the 2nd user is connected to 1st user for clockwise ring

network, then large propagation delay occurs as compared to star network topology for

large number of users. The connectivity of one user to extreme users is poor in the case of

ring network topology. The coverage of metro area network is possible as ring topology is

the main back bone among metropolitan cities.

The star network topology can support maximum number of users, if insertion loss and

splice loss be made minimum. The simulation results show that for 32 number of users,

the number of optical couplers required are 80. The same number of SOAs are required as

are the number of users. Hence, connectivity and propagation delay in this topology is

much improved as compared to ring network topology.

Tree network topology has been also simulated for 32 users. This topology requires only

eight SOAs and 56 optical couplers required. This topology has improvement over the

other topologies.

The ring, star and tree network topologies can efficiently work at minimum signal input

power of -40 dBm. These results show improvement over [Willner and Hwant, 1993;

Gerla and Fratta, 1988; Singh et al., 1997].

Further, the performance of star and tree network topologies is compared for maximum

number of users at -40 dBm signal power. As shown in figure (8.21), for 16 number of

optimized SOA, there are 16 users supported only. While in tree network topology, it can

support 64 users. Also from figure (8.22), it is observed that the number of optical coupler

required for tree network topology is 112. So tree network topology holds the maximum

number of users supported at the cost of minimum utilization of the SOA. This result

shows good agreement with [Singh et al., 1997]. But we have obtained these results by

using optimized SOA for minimum signal input power of -40 dBm.
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8.7 Conclusions

It has been shown that the input power above saturation power of the SOA degrades the

performance of all network topologies. In all our simulation setups, no users are

supported without using SOAs. The bus network topology supported maximum 27 users

with SOAs as per the setup taken in this Chapter. For ring network topology, the

maximum number of nodes are more than 29. The number of users supported can be

increased by decreasing splice and insertion loss in star network topology. The tree

network topology offers maximum number of users with minimum utilization of SOAs

and optical coupler. Hence, the tree network topology in presence of the optimized SOA

provides low cost solution for connecting the large geographical area coverage.
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Chapter 9

Conclusions and Scope for Future Work

9.1 Conclusions

The main motivation of this work is to increase the long haul and ultra broadband

transmission distance, cascadability and flexibility of the optical networks. In order to

achieve these goals, it is of utmost importance to optimize the optical amplifier and

placement of OAs in optical communication systems and networks.

The semiconductor optical amplifiers (SOAs) have attracted much attention as it is cost

effective as compared to the erbium doped fiber amplifiers for long haul optical

communication system. But when gain saturation problems arise due to cross gain

modulation (XGM), the cross phase modulation (XPM) and four wave mixing in

multichannel optical system limits the system performance. Therefore, the cascaded

utilization of the SOA is not possible for long transmission distance. The crosstalk and

power penalty problem arises in long haul dense wavelength division multiplexing using

cascaded SOA due to XGM and XPM. So there is need of proper placement of SOAs for

long haul optical communication systems. Due to limited bandwidth of the SOA, there is

requirement of erbium doped fiber amplifiers (EDFAs) for broadband communication

systems.  In past years, various techniques and methods were presented to flatten the gain

of optical amplifiers to push the bit rate and transmission distance longer and longer.

Wavelength converters are the key components for increasing the flexibility and capacity

of broadcast optical networks. The nonlinear effects like cross phase modulation (XPM)

and four wave mixing (FWM) are the powerful elements for improving the performance

of wavelength converters. All broadcast network topologies show improvement in the

number of users when semiconductor optical amplifiers are placed appropriately in

optical networks. But the real model of SOA utilization is not simulated in the literature

for low power requirement.

This thesis focuses on the investigation of minimizing the nonlinearities in the

semiconductor optical amplifiers due to XGM, XPM and gain flattening problems of

EDFAs for increasing the transmission distance, capacity and flexibility of optical

communication networks.

The major results obtained from this study are summarized as follows:
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1. The SOA model is proposed for minimum gain fluctuation and nil power penalty for

WDM multichannel transmission. For this, the SOA bias current is optimized for

reduction of crosstalk with sufficient amplification. The low crosstalk of -10.314 dB

and high optical gain 36.5 dB are achieved with reasonable ASE noise power. The

WDM transmission of twenty channels at 10 Gb/s is achieved up to the transmission

distance of 1190 km for the DPSK modulation format with channel spacing of 100

GHz. For the OOK system, the maximum transmission distance is up to 1050 km

which has not been achieved yet. These results are obtained by using the optimized

SOAs as in-line and pre-amplifiers. It is also observed that with the decrease in

channel spacing, the quality of signal falls due to increase in cross gain modulation.

The DPSK system performs best for 1190 km transmission distance with bit error rate

less than 10-10 for all channels up to saturation power of SOA. Therefore, with the

optimization of SOA, the capacity and transmission distance increases for the DPSK

system. But the OOK system is best for small number of channels up to saturation of

the SOA. It is concluded that DPSK system has large capacity as compared to OOK

system.

2. It has been investigated for first time that the transmission of twenty-channel at 10

Gb/s DPSK signals over the transmission distance of 4340 km by using SOA as in-

line and pre-amplifier at 100 GHz channel spacing. For this, the confinement factor of

the SOA is optimized for reducing SOA-induced crosstalk and power penalty at

sufficient amplification. Therefore, cross gain saturation of the SOA depends upon the

confinement factor and the bias current. The DPSK system performs best for 4900 km

transmission distance with bit error rate is less than 10-10 for all channels with power

penalty of 1 dB.

The optimization of differential gain of semiconductor optical amplifier at 40 Gb/s is

also done. The soliton RZ-DPSK WDM signals having capacity of 0.4 Tbit/s is

transmitted successfully up to the distance of 1050 km. This is achieved by using

optimized semiconductor optical amplifiers with differential gain 210 atto cm2 of the

SOA and also improvement in power is more than 1.55 mW. The spectral efficiency

is approaching to 0.4 bit/s/Hz for the transmission system. The cross gain saturation is

further reduced by using the SOA with differential gain 200 atto cm2. Therefore, the

maximum transmission distance observed is 4550 km with good quality and nil power

penalties per channel. The simulation of ten-channel 80 Gb/s WDM transmission over
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910 km by using SOAs as in-line and pre-amplifier with soliton RZ- DPSK

modulation format at 200 GHz channel spacing has been demonstrated.

The theoretical study of the SOA cross phase noise is proposed due to the gain

saturation in WDM links. The crosstalk is found to be depending on the SOA

structure parameters. The nonlinear cross phase noise is expected to be suppressed by

increasing the carrier lifetime and width while reducing differential gain and

confinement factor in WDM links. This SOA model may be attractive when used as

pre-amplifiers and in-line amplifier for long haul links up to 5250 km for 10 × 40

Gb/s soliton DPSK WDM signals. This SOA model can offer a cost effective solution

for WDM links. These results provide useful information for the designing of long

WDM transmission links at high bit rate using low cost semiconductor optical

amplifiers.

3. The post-power compensation method shows good performance in terms of bit error

rate, eye closure penalty and received power as compared to pre- and symmetrical-

power compensation methods. It is found that the pre-power compensated method in

single span is best for pre-amplification of very low signal input power. The

maximum transmission distance observed for post-power compensation method is

945 km.

It has been investigated that the ten channels are used at 10 Gb/s WDM transmission

68908 km using SOAs as in-line and pre-amplifier with DPSK modulation format at

100 GHz channel spacing. In order to achieve this long haul transmission distance, the

optimum span scheme is evaluated with power margin more than 24 dB. For this, the

optimized SOA model is used with lower saturation power of 21.36 mW, high optical

gain of 36.5 dB with reasonable ASE noise power. It has been shown that optical

filter with 0.4 nm bandwidth is optimum for higher transmission distance. It is also

observed that with decrease in channel spacing, the quality of signal falls due to

increase in the crosstalk. For the transmission distance 17227 km, the optimum span

scheme has been observed as the received quality signal is more than 27.5 dB with

signal output power 0.097 dBm for channel no. 5. But for 68908 km transmission

distance, optimum span scheme shows degradation in quality up to 14 dB with

increase in the signal output power 0.87 dBm. It has been shown that for the optimum

span scheme-1, the quality of the signal is 25.8 dB with signal power -38.5 dBm for

channel no.5. This result generates power penalty of 24.5 dB for 68908 km

transmission distance. It is also observed for the first time that for 50 GHz channel
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spacing, the maximum transmission distance is 6650 km and for 20 GHz and

maximum transmission distance 3500 km is observed by using cascaded SOAs with

10 × 10 Gb/s RZ-DPSK format.

The simulation of ten channels 10 Gb/s DWDM are performed by using cascaded

SOA with the DPSK modulation format at 20 GHz channel spacing. we used

optimized the SOA model for this simulation. At optimum bias current, low crosstalk

and optimum bandwidth is obtained for optical phase modulator i.e. 5.5 GHz. Using

optimum span scheme, it is possible to transmit 100 Gb/s RZ-DPSK signal at 17,227

km with maximum optical signal power up to gain saturation with BER floor less than

10-10.

4. The SOA model is proposed for optical pre-amplifier for the PIN and the DPSK

photoreceivers. The minimum receiver sensitivity of -69.9 dBm is observed at BER

floor of 4.6 × 10-10 for PIN receiver at 10 Gb/s. An improvement in the receiver

sensitivity of -19.2 dBm and -46.5 dBm is observed for the PIN receiver and the

DPSK receiver at 40 Gb/s. The ASE noise power for the PIN photo detector is 22.3

µW is measured at 0.1 mW, while for the DPSK receiver is 4.1 µW which is quite

lower. It has been shown that gain variation increases with increase of input light

power and tolerance in input wavelength power is more than 100 nm. It is also

observed that the optical gain is insensitive to polarization and remains constant. For

multichannel WDM transmission links show improvement in detected power with

better quality at 0.25 ns carrier lifetime.

5. In order to utilize the bandwidth of the EDFA a gain flattening approach has been

illustrated. The additions gain spectrum of EDFAs makes the gain nearly flat. By

using this approach, sixteen channel NRZ-DPSK signals are transmitted over the

distance of 490 km at 40 Gb/s. Another approach to flatten the gain of EDFA is

possible by placing the optical super Gaussian notch filter after EDFA in each span.

The gain spectrum of EDFA is flattened with increase in transmission distance.

Therefore, it is possible for first time that the sixteen channels NRZ-DPSK signals

transmission over the distance of 504 km at 40 Gb/s. The bit rate distance product of

322.56 Tb/s km can be achieved.

6. The 50 nm up and down wavelength conversion is possible for non-return to zero

differential phase shift keying (NRZ-DPSK) signal by using four wave mixing in a

semiconductor optical amplifier (SOA) at 10 Gb/s. We decrease the gain fluctuations

by selecting suitable parameters of the SOA to achieve sufficient quality with
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enhancement in four wave mixing signals. The minimum Q factor penalty observed is

1.5 dB at signal-to-pump ratio of -9 dB for both up and down conversion range of 20

nm. The Q factor improvement observed is 1.74 dB for signal-to- pump ratio of -5 dB

at 0 dBm pump signal for 50 nm up converter. Ten stage cascaded wavelength

conversion over 1302 km single mode transmission is possible for 10 Gb/s NRZ-

DPSK format by using FWM in SOA.

The wavelength conversion using XPM in the SOA-MZI configuration with wide

band more than 15 nm up and down conversions, for the first time has also been

shown. It is observed that high active region length and bias current in the SOA leads

to XPM in the SOA-MZ1 configuration. For this, the low pump power of 1 dB is

observed. For up conversion range of 0.58 nm, the improvement in quality of 0.2 dB

is observed at signal-to-pump power of -6 dB. This wavelength converter provides

conversion band of more than 15 nm for both up and down conversions. The

conversion efficiency of this converter is more than 11 dB at signal-to-pump power of

-9 dB. On the whole, this wavelength converter leads to an increase in the

cascadability of wavelength converters for increasing the capacity of future optical

networks.

7. It is observed that input power above saturation power of the SOA degrades the

performance of all network topologies. The bus network topology supports maximum

27 users. For ring network topology, the maximum number of nodes are more than

29. The number of users supported can be increased by decreasing splice and insertion

loss in the star network topology. The tree network topology offer maximum number

of users with minimum utilization of SOAs and optical coupler. Hence, tree network

topology in presence of optimized SOA provides low cost solution for connecting

large geographical area coverage.

Therefore, this study establishes that the use of optimized optical amplifiers in the

optical communication networks results in revolutionary growth of internet traffic for

large number of users and long transmission distance.

9.2 Recommendations

1. The SOA structural parameters are obtained by minimizing the XGM and XPM for

multichannel wavelength division multiplexing system. With this SOA model, the

maximum transmission distance more than 5220 km is possible for 10 × 40 Gb/s

soliton RZ-DPSK WDM signals. Hence, this low cost SOA model can be
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recommended for WDM transmission system as compared to complex and high

cost doped fiber amplifiers. The optimum span scheme can be very useful for long

haul DWDM transmission system by using cascaded optimized SOAs. The SOA

model can also be applicable for low signal power to support large number of users

in tree network topology.

2. The proposed gain flattening approach-III of EDFA can also be applied to more

number of channels. Therefore, with this approach high bit rate distance product is

achieved and applicable for wideband optical system.

3. The proposed SOA model based on enhanced FWM and XPM effects can be

employed for wide range wavelength converters. The SOA parameters can be

recommended for the design of optimized SOA that can be utilize for wide band

wavelength converters.

9.3 Scope for Future Work

1. There is need of detailed study for the XGM, XPM, and FWM in Raman

amplifier for multichannel WDM transmission system. The structural

parameter optimization of EDFA and Raman Amplifier is evaluated by

reducing theses nonlinearities in doped fiber amplifiers for long haul WDM

transmission at higher bit rate. From this work, the optimum evaluated doped

fiber has larger bandwidth as compared to SOA. The work also needs to study

of self phase modulation of all optical amplifiers.

2. The research work can be extended for structural optimization of SOA for

deducing efficient wavelength converter based on XGM for wideband

conversion and all conversions are needed for higher bit rate as per current

demands.

3. As doped fiber amplifiers having applications in wide area network (WAN) as

in-line amplifiers. The placement of optimum doped fiber amplifiers (DFAs)

in different optical network topologies can be studied. The doped fiber

amplifier placement can also be explored in other broadcast topologies

including multilevel topologies.

4. In Chapter 2, 3 and 4, the work is needed to consider the effects of

polarization mode dispersion (PMD) and higher order dispersion of fiber for

long distance optical communication system can be included as further scope

of this study. The other type impairments like thermal noise, quantum noise
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can also be added to study the combined impact for long haul transmission

distance in optical communication system.

5. In chapter 7, while the wavelength converters based on FWM and XPM are

used in optical network having some blocking probability, the work must

progress for further to minimize the blocking probability of these wavelength

converters while placing in optical networks.

6. The simulation results for DWDM systems which were carried for systems

with capacity up to 100 Gb/s for maximum transmission distance of 17227 km

and channel spacing 20 GHz using SOA in chapter 4 can be enhanced further.
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APPENDIX

(a) Analysis of Gain in Multichannel WDM System

The equation (15) is solved by taking the variation of time. As time varies the position of

the power and carrier density changes in SOA accordingly and hence gain changes. For

the variation of time and position, we assume that
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By applying the above assumption from equation (A1) into equation (15), we get
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Due to nature of the SOA, we also take another assumption of time varying as
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The time rate of change of power is small and life time is also low. These parameters

have negligible affect on optimization of confinement factor. For simplicity, we

considered these parameters are constant.
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As variation in parameters from
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We are applying the conditions and assumptions from equations (A3), (A4) and (A5) into

(A2). After solving, we get
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Where ( ) n
nn t,ztNN

n

1∂∂= is the rate of change of carrier density with time. From

equation (A6), we considered the power variations as

( ) ( ) 11122 P,zt-P,ztP =

and ( ) ( ) nnn P,zt-P,ztP =++ 1111     (A7)

Then equation (A6) can be written as
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(b) Analysis of Gain Variation in Multichannel WDM System

By applying equation (A1) to equation (19), then equation becomes
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As from equation (17), the gain is constant. Considered the variation in gain is

( ) 2111 II,ztg +=               (A10)

By applying the equations (A3), (A4) and (A5) into (A10), we have
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Where ( ) ( ) tt,zP,ztP ∂∂=11   is the rate of change of power with time. Also

( ) n
nn t,ztNN

n

1∂∂= is the rate of change of carrier density with time. Substituting

equations (A11) and (A12) into equation (A10) and also by using equation (A7), we have
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Substituting the gain coefficient of equation (10) into (A13), then gain variation is
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