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Abstract

We explain the concept of optical solitons  nonlinear fiber aptics with bnef reference to all the 1mportant underlymg
plysical concepts The possibitity of opueal <olion 1n presence of important ligher-order effects ke thard-order dis-
perston, self-stecpemng and stunulaed melastic seattermg 15 discussed as well as the concept of wavelength division
multiplexmy wsmg solztony The coexastence of optieal solitens and self-induced solutons 1 exbs doped
fibers 15 also cxplamed
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1. Introduction

The world's comtnunications infrastructure is potsed to undergo a revolution Networks that
send light pulses through optical fibers and optical amplifiers will change the way we commu-
nicate across the planet. But fiber-opbe hnks already carry information across the globe, so
what 18 new? Furst, the new networks have much greater capacities and will be able to transfer
more mformation more quickly Second, these systems are genuine networks: the links conpect
many different nodes and can easily be reconfigured. We can thus envisage a world wide net-
work in which distance does not represent a techmical or economuc barrier to communication,
When compared to other types of c¢ ication, optical cc usmg optical fibers
has more advantages like.!

® mgher channel-handling capacity,

* Jow loss,

* no electro-magnetic nterference,

* small dimension,

o abundant availability of raw material

In spite of these advantages, optical modes of cc on alse have due to
dissipation and dispersion. To avoid these problems, repeaters are placed at constant periodic
intervals to reshape pulses and to provide necessary amplification

Recently, in many fields of science, a new concept of permanent wave propagation,
namely, solrons have been reported Soltons are solitary waves which are formed by exact
balancing between linear dispersive and nonlinear effects. The exact mathematical description
of these pulses requires the solution of a nonlinear parttal differential equation. With respect
to the system involved these counterbalancing effects vary. A particularly exciting prospect for
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future communication systems 1s the possibility of usmg optical solitons to encode data In
optical fibers, the (lmear) group velocity dispersion (GVD) exactly balances with (nonlinear
effect) self-phase modulaton (SPM) to form optical solitons We can understand their nature
from stmple physical arguments. Nonlinearity creates a frequency sweep or ‘chirp’ across the
pulse, with lower frequencies at the trailing side Disperston also creates a churp that 18 m the
opposite sense 1f 1t 15 positive These two chups can therefore cancel out, and hence the two
distortng mechanisms can offset each other. The effect of nonlmeanity and dispersion depends
on the format of the optical pulses The conventtonal digital format 1 optical communication
15 non-retusn-to-zero (NRZ), 50 called because the optical power 1s on for 1 and off for 0, and
does not retumn to zero for consecutive 1s With these two effects the pulse propagation tn pure
silica fiber 1s governed by the nonlinear Schrodinger (NLS) equation, as was theoretically pre-
dicted by Hasegawa and Tappert 11 1973, and subsequently confirmed expenmentally by
Mollenaver et al *

For mereased channel-handling capacity 1t 1s necessary to transmit ultrashort pulses at the
order of sub-picosecond and femiosecond But the propagation of ultrashert pulses experience
tigher-order effects hike third-order dispersion (TOD), self-steepenung (SS) and stunulated
Raman scattering (SRS) Wath the mclusion of TOD and SS the hber system 15 described by
the Hirota equation, which also allows soliton-type pulse propagation * * The pulse propaga-
tion m presence of all the higher-order effects 1s described by the higher-order NLS (HNLS)
equation. Sasa and Satsuma® proved that the HNLS fiber system also has soltton solution for a
partcular chawes for parametne testrictions ameng the parameters related to TOD, S8 and
SRS Very recently, we have also derived” the parametric canditions involving all the effects
which the BNLS fiber system allows excepting soltton-type pulse propagation, and showed
that HNLS equatton can have a simple sigle peaked solution.

The concept of wavelength division muttiplexing (WDM) 15 also used for transtmitting
larger number of channels in multtmode fibers ' An optical sohton 1s possible only n mono-
mode fibers However, a monomode fiber can handle two orthogonally polanzed waves ¢ Even
m monomode fibers, two fields of shightly different group velocities can be teansmitted to
achieve WDM® In esther case, two fields are to be transmutted Dynarmes of the pulse propa-
gation with two fields 1s described by the coupled NLS (CNLS) equation, or on including TOD
and $3, by the coupled Hirota equation and so on Both CNLS' and coupled Hurota equation”
allow soliton-type pulse propagation In presence of all the higher-order effects, the two-field
propagation 18 governed by coupled HNLS (CHNLS) equamon,” which we troduced, and
obtamed the solston solution

To compensate the optical losses, either Raman purnpmg or continuous wave pumping in
erbrum (Er)-doped fibers is unlized* 3; both these methods need an external pump source for
amplification In 1967, McCall and Hahn' proposed yet another type of solitons m two-level
Tesonant atoms, due to self-induced transparency (SIT) effect This gype of sohiton 15 described
by the Maxwell-Bloch (MB) equations. Maimistov and Manykmn,” in 1983, derived coupled
NLS and MB equations to describe wave gropagauon of optical pulses m fibers with two-level
Tesonant impurities Many researchers™>™ have extended this work and we have recently re-

dentved the parametric condstion for the possibility of NLS-MB soliton in Er-doped fibers us-
1mg Painlevé analysis,*®
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For ultrashort pulse propagation in fibers doped with two-level resonant atoms one has
to include higher-order effects Recently, we have proposed conpled system of Hirota and
MB equations (H-MB) to describe pulse propagation w Fr-doped fibers with TOD and SS,2°
and also shown the possibility of soliton pulse propagation ' In presence of all higher-
order effects, the sysiem 18 governed by HNLS-MB equations We have explicaly obtamed
parametric conditon {o study soliton propagation 1 this system through Panfevé analysis, ™

In this paper, we discuss the concept of optical soliton by explaming all the physical con-
cepts aitached to fiber system We show the possibility of soliton 1n presence of all higher-
order effects Then we briefly explam the WDM concept using solitons Finally, we discuss the
coexistence of opticad and SIT solitons 1n Er-doped fibers

2. Fiber characteristics

According to the intensity of the pulse, & fiber can act lineatly or both Linearly and nonlmearly.
Optical losses and maiertal dispersion are linear effects 1n pure silica fibers As silica fibers are
madc up of centro-symmetric molecules, the lowest dommant nonlmear effect 1s due to the
third-order suscepiibdaty m the form of Kerr nonlmeanty For ultrashort pulses, mgher-order
effects such as TOLY, SS and SRS are also important In thus section, we discuss these concepts,
and detanled mathematical and phys:cal wdeas can be found in Kesser and Hasegawa s

21 Opncal losses
Optical losses are manty due to the following two reasons

o presence of OH ton mmpurities

¢ Rayleigh scattenng

The OH 1005 are absorbed by sitica fibers dunng the time of manufacture (tself Great care 13
taken to make the concenvaton of OH ion very low Since OH 1on impunties have many reso-
nant vibrational energy levels, there will be heavy attenuation when optical frequencies are
transmtted 1 thas resonant region

Rayleigh scattering 1s due to the presence of random density fluctuations of the frozen
fused stlica materials The amount of scattenng vartes oversely proportional to the fourth
power of the wavelength of hght propagated

22 Materwl duspersion
Tt 15 also very mmportant to control dispersion, which s caused by vanation of the fiber’s re-
fractive tdex with wavelength, This means that different wavelengths travel wath different
velocities Each optical signal contains a band of wavelengths and although dispersion m fiber
can be small this effect can accumulate to broaden mdrvidual pulses leading to a loss of mfor-
mation.

Also, the important parameter of any optical dielectric materal is the index of refraction.

The mdex of refraction depends on the frequency of the optical signal being propagated For
digital optical communication, pulses are propagated. An optical pulse consists of & band of
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Fourter frequency components, each frequency component expeniencing a different index of
refraction. Since the velocity at which the light signal propagating 1s determuned by the index
of refraction, each Pourier component of a pulse will travel with a different velocity, termed
group velocity. This causes temporal spreading of the pulse due to group delay Thus 15 called
the group velocity dispersion (GVD)

GVD 15 considered as a major problem m the field of optical commumcation, due to
which the energy of the pulse will fall away from the tme gap of a pulse, inducing cross talk
Error detection 15 also possible due o lowering of peak power because of GVD.

GVD 15 measured as a parameter m the fiber, and depending on the sign, there can be two
types of disperston The value of the GVD parameter can be negative or positive with respect
to frequency, and the wavelength at which the GVD parameter tends to zero 1s called the zero
disperston wavelength Fortunately, fibers can be designed to have zero dispersion at the de-
sired operating wavelength The problem 1s that the effects of nonlnearity are more severe at
zero dispersion, manly because both the signal and the amphifier noise then have the same
phase veloctty This leads to strong mixing between signal and noise which cause distortion 1
the pulse Nonhpeanty can be reduced by decreasing signal power, but a power of at least a
few milliwatts 15 needed to maintam the signal-to-noise ratio The solutron 1s to design fibers
with dispersion that alternate 10 sign the dispersion of the whole system s then close to zero
but the local dispersion 1s non-zero. At this powmt the entire dispersion 1s taken care of by third-
order disperston (TOD) Dispersion below the zero disperston wavelength 15 called normal or
positive dispersion In normal dispersion regime, red-shifted (lower) frequency components
travel faster than blue-shifted (tugher) ones. The opposite occurs on the other side of zero dis-
persion wavelength and the dispersion 15 called anomalous or negative dispersion, Solrtons m
normal and anomalous dispersion regme are called dark and bright sohtons, respectively Only
the bright soliton 1s very useful in the field of optical commumcation

2 3. Kerr nonhmearity

The most important and drfficult one to control 1s nonlineanty which anses as the refractive
index of the fiber depends on mtenstty This should be 1gnored 1 shorter systems because 1t 15
intrinsscally stnall, but the transmussion lengths of the new systems are so long that the effect
accumulates Nonlmearity can then cause new frequencies to be generated in the optical signal
making 1t unstable and distorted

As the new communication systems are inherently nonhnear a new approach to system de-
sign has been adopted. For example, m linear systems this signal-to-noise ratio can be in-
creased sumply by mncreasmg the mput power, but i nonlinear systems the distortion of the
signal depends on the power 1t carries. The signal power must therefore be optimzed for each
system. Fortunately, there are accurate mathematical descriptions of the processes mvolved,
and extensive simulations have helped in the design of new system,

An example is the separation of the amplifiers. These are relatively costly and can be unre-
liable, so we would like to place them as far apart as possible However, both the amphfier-
mduced noise and nonlinearity depend on amphifier spacing. The noise myected by each ampli-
fier 15 proportional to the gain, and the gan needed at each amphfier increases exponentially
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with separation Increasing separation reduces the number of amplifiers but also increases ex-
ponentially the noise wnjected at each one. The total noise m the system is thus higher for larger
separauons Nonlinearty, on the other hand, is generally reduced at larger separations, since it
depends on the average power across the system

{

When the mtensity of the light pulse propagated exceeds a certain threshold level then the
fiber parameters not only depend on frequency but also on 1ts mtensity. In materials like pure
stlica fiber, the domunant nonhinearity 15 mainly due to third-order susceptibihity. (All the even-
order susceptibilities vamsh because of the centro-symmetric nature of the SiO; molecule)
Most of the nonhinear effects due to third-order susceptibility need phase matching condition to
be satisfied for enhancement. Unless special care 15 taken mn general, the phase matching con-
dition is not satisfied The important nonlinear effect due to third-order susceptibiity without
phase matching is the Kerr nonlmearity or the intensity-dependent index of refraction

In any signal propagation, there will be a generation of phase shift among different fre-
quency components proportional to the index of refraction. Since the index of refraction de-
pends on the mtensity, which is a time-varying quantity, the induced phase shift will also vary
1 tume. Thus can be considered as a generation of newer frequency coraponents on both sides
of the bandwidth As this phase modulation to the pulse 1s due to 1ts mtensity, 1t 1s called the
self-phase modulation (SPM). SPM can be considered as a spread 1n the frequency doman.

In anomalous dispersion regime, the two effects, GVD and SPM, exactly balance each
other. That 15, the temporal broadening due to GVD is balanced by spectral broadening due to
SPM. This 15 the basic reason for the occurrence of optical solitons. Once this type of balanc-
1ng 1s achieved m the fiber, then the signal can be transmitted to very long distance without any
loss n signal.

2.4, Self-steepening

Self-steepening (SS), also called Kerr dispersion, 18 a nonlnear effect due to third-order sus-
cepubility when there 15 a propagatton of wltrashort pulses As the index of refraction depends
on wntensity, the group velocity will also vary with the mtensity of the pulse, so the peak of the
pulse will travel slower than the wings. Hence, the pulse gets steeper and steeper durng the
course of propagation It has the possibility of breaking after propagation over considerable
distance. Physically, $S also produces spectral broadening and unlke SPM produces asym-
metrical broadening.

2.5. Stimulated Raman scattering

Sumulated Raman scatrering (SRS) 1s another nonlinear effect due to third-order susceptibality
which gives a self-frequency shift to ultrashort pulses. The self-frequency shift is a self-
induced red shift i the pulse spectrum arismg from SRS: the long wavelength components of
the pulse experience Raman gain 2t the expense of short wavelength components, resultmg m
an increasing red shift as the pulse propagates. It has been recognized that self-frequency shuft
is a potentially detrimental effect m soliton communication systems because power fluctaations
at the source translate into frequency fluctuations in the fiber through power dependence of the
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soliton self-frequency shuft and heuce 1nto tuming jitter at the receiver.”” Spectral broadening
due to SRS 18 also asymmetnical

2.6. Wavelength dwision multiplexing

A simple way of ucreasing the capacity of these systems is to add new signals at other optical
wavelengths, a technique known as wavelength division multiplexing (WDM). The amplifiers
have a broad enough bandwidth to amphfy over a range of wavelengihs close to 15 um, the
usual transiussion wavelength A second wavelength, for instance, that doubles the capacity of
the system up to 16 different wavelengths can be used So huge data capacities can be achteved
using WDM Nonlmearty is agam a problem, however, because 1t allows separate chanoels to
interact; for example, the presence of a pulse 1 one channel can alter the refractive index and
phase velocity of another channel. These interactions canse the mformation in both channels to
be dustorted although these problems can be reduced by using dispersion management and
controilmg gamn separation of the ampliers. In this case, pulse dynamics 15 governed by con-
pled noulnear partial differential equation

3. Optical solitons in pure silica fiber

The electromagnetrc field vectors that characterize the light wave are generated by Maxwell
equations which we shall write 1 the form.

= 108
VxB=anl 1
XE P (1a)
= - 1D
VX B=Jmmmm, 1b
x ca )
V E=p (lo)
V B=0, (1d)

inwhich D= FE+P, where P is the polarizanion of the medmum.

Since we are coneerned with propagation through spatially homogeneous sysierns that pos-
sess charge neutrality, we may set J =p=0 The only source for the light wave 1 the me-
dium 15 then the polatization term P Polarization 1s due to departure from complete spherical
symmetry in the shape of atoms while the departure itself 15 due to electromagnetic field of
hght wave in the medrum. It 15 the mteraction between light wave and medium that introduces
nonlinearity into the problem. The hight wave satisties a wave equation that may be obtained
by taking the curt of (1a) and using (1b). We obtam

. 25 25
2 LOE_19°P )

This equation 15 found to be nonlinear when the dependence of 7 upon £ that 15 described
above 1s used.
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We now confine our attention to the propagation of plane wave fronts and a plane polarized
wave Reasonable correspondence between theory and experment has been achieved with this
simplification and 4t the present time soliton propagation has only been treated satisfactortly 1n
one dimension

Pulse propagation with the effect of GVD and SPM in pure silica fiber (here the effect of
Joss 15 not considered) 18 guvemed by nonlnear Schrodmger equation. The dimensionless form
of NLS equation 15 given by,’

.= K128, + 1EFE), 3)

where £ 15 the slowly varymg envelope of electric field and subscripts z and £ dencte spatial
and temporal derivatives
Certain solutions of nonlinear partial differential equations hke eqn (3) are called soliton
solutions. The soliton solution of eqn (3) will give the idea of the shape, width and mtensity of
the pulse to be transmitted for soliton-type pulse propagauon The idennfication of hnear e1-
genvalue problem (Lax pair) confirms wts complete integrability and soliton-type pulse propa-
gation mn the system The NLS equation has a Lax pair and N-soliton solution,
Y, =¥,
Y, =V

o Sl )
& (REE

and A(= ¢+ 1) is the eigenvalue parameter, so that the consistency conditon U, ~ V,+[U,
V] =0 leads to NLS equation. The one soliton solution of eqn (3) takes the form,

=¥, @

where

E =sech(t) exp(i;-).

The possibility of soliton- type pulse propagation in nontmear fiber system was first proposed
by Hasegawa and Tappert> and experimentally confirmed by Mollenauer et al®

32. Expermnents on generation of optical solitons

For the propagation of a soliton in an optical fiber to be verified experimentally, 1t is necessary
to generate a short aptical pulse with sufficiently large power and use a fiber which has a loss
rate less than 1 dB/km. It was only in the late 1970s that optical fiber loss could be brought to
this level For the generation of optical solitons, it is further required that the spectral width of
the laser be narrower than the inverse of the pulse width m time This requires the generation
of a pulse with a narrow spectrum known as Fourser transform houted pulse.
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Ft was for these reasons that the thearetical prediction of the transmission of a soliton was
successfully demonstrated experimentally only after seven years In (980, Molienauer e al’at
AT&T Bell Labs succeeded for the first tme m ventylng solton transtussion m an optical
fiber expenmentally. by utihsing an F2* color center faser which 1s purnped by an Nd'YAG
laser Using a fiber with a relattvely large cross-section (10° em’) and a length of 700 m, they
transmtted an optical pulse with a Tps pulse width and measured the suiput pulse shape by
means of autocorrelation For this particular fiber, the theoretically dertved peak power for the
formatson of an optical solon was 1 2W Such a large power level was choseq 1 order that
the autocorrelanon measurement could eastly be made at the output side

Figure 1 1llustrates tus famous expermental result Here, for different power levels at the
mput side, the pulse shape 1s measured by autocorrelaton at the output side of the fiber Ttis
ciear from this figare that while the output pulse width ncreases for a power below the
threshold of 1 2 W, 1t continuously decreases for mput power above 1.2 W The appearance of
two peaks 1n the case of an mput power of 11 4 W 1 a consequence of the pulse interference of
theee solitons, which are generated simultaneously 1 this mstance The penodic behaviour of
the hugher-order solitons was confirmed by Stolen ez af * i a later experiment

4. Optical soliton in the presence of higher-order effects

For more channsl—handhng capacity it 1s necessary to propagate ultrashort pulses Mitschke
and I\Iollgnamzr2 reported 1 1986, the sclf-frequency shuft for solitons due to SRS In 1985,
Kodama™ and Kodama and Hasegawa™ denved the HNLS equation which govemns the ul-

trashort pulse propagation m pure silica fiber with higher-order effects ke TOD, $S and SRS
The HNLS equation takes the form,

E,= 0By + lEPE) + el 06Fy, + 06 (ERE), + as£(ED),), ®
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where @, 0, &, 0 and o5 are the parameters related to GVD, SPM, TOD, self-steepenmg and
SRS, respectively

Equation (5) for &= 0 reduces 1o the well-known nonlinear Schrodinger (NLS) equation.”
For o= 05 =0, eqn (5) describes the derivative NLS equation™ which govems the propaga-
tion of NLS soliton in the presence of Kerr dispersion. Generally, Kerr dispersion is treated as
a perturbation to the soliton propagation but the dertvative NLS system also allows soliton-
type propagation and the lmear eigenvalue problem will be in the form of Kaup Newell or
WKI type. S

Recently, we have proved that the HNLS equation allows soltton-type pulse propagation
only for the following parametric restrictions,”

1
0.0 =3 and @y oyi05=1.6 3
With the above conditions, the HNLS equation takes the following form,
E, =i} E, +|5" E)+£[Em +6lE° E, +3E( ) } ®)
t

Equatton (6) was proposed by Sasa and Satsuma,’ in 1991, who transformed the HNLS equa-
tion to the modified complex KdV equation and denved the 33 Lax parr for the same, They
also denived the soliton solution using mverse scattering transform (IST), The soliton solution
they have presented 1s a peculiar one with two peaks which 1s very difficult to generate m a
solon laser

5. Wavelength division multiplexing using solitons

Eventhough egns (3) and (5) may adequately describe the propagation m smgle-mode wave-
guides, routing and switching operatrons which volve sohton pulses require mteraction be-
tween two or more modes In general, the coupled mede approach stifl permits description of
the pulse propagation m a multimode wavegmde by means of vector versions of the above
equatrons  Although these systems of equations are no lomger mtegrable, one may obtain
quantitative mformation about pulse propagation by restnctmg o numencal or perturbative
methods.

Here, first we will deal with the manimum number, 1.¢. two, of mteracting modes and then
will extend our results to many modes Situations of phystcal interest that can be described by
two coupled NLS equations mclude two parallel wavegmdes coupled through evanescent field
overlap, the couplmg of two polarization modes m uniform guides, or 1n structures with a peri-
odic vanation of the parameters. It 15 also mterestmg to note that the study of the propagation
of optical solitons 1 two or more mode nonlmear couplers, besides being 1mportant from the
theoretical powt of view, is important in view of their possible potential applications. Recent
advances have permutted proof that solitons are ideal candidates for performng all optical
switching operations m nonlinear couplers In fact, then stability leads to the possibility of
controlling of coupling of the whole pulse, by means of changing the input power of a single
pulse, or the phase of a superimposed signal
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On the other hand, the concept of WDM 15 also used for wansputting an increased number
of channels For thus, more than one field bas to be transmutted Solttons with two fields are
described by CNLS equations,™ and the effects of TOD and SS, by coupled Hirota equanon
As already wenttoned, both CLNS™ and coupled Hirota'! equations allow soliton-type pulse
propagation. In the presence of all the hgher-order effects two-field propagation 15 governed
by coupled HNLS (CHNLS) equation which takes the form,

By, :l[UlJEL" +o¢2(|E1\2 +\E2|2)E1;l+e{a3}2w +MME‘ F +\E212)E1—|’ +
ash 5 +{Ef ) |
E,, :{aIEM +a2(|El\Z +tE1[Z)E2}+£{a3EM +az4[(lEli2 4 !EZ{Z)EZl +

aSEE(

B[ 41 } m

Sumlar to HNLS equation, CHNLS equations also admt solston sohution only for the follow-
1ng form.

E,

1 fip |2
B = 1(5 By +\!E1‘7 +

2)EJ+£[EL,,, ol sl o 35 (o 4I5S |

1 ) 2\, 2 2 2 2
Ey, = ,[5521,, +(]E1] +& )EZJH[EM +6(]E,[ +E, )EZ, +35, (|EI| +E| ” ®
Very recently, we have derived the Lax parr for equs (8) and obtamed the solion soltons
using Bicklund transformation ™ We also denved the N-soliton solutton for the CHNLS equa-
tion usng the Hirota bilinear method * The one soliton soltion of eqns (8) takes the form,

By = J2Bsech(2f + 8687z exp(2f%2), 92)
B, =2 fsech(26: + 828 z)exp(217z). ©9b)

Thus, 1¢ has been shown that the CHNLS system equations allow soliton-type pulse propaga-
ton.

6. Solitons in erbium-doped fibers

The wnteraction of rtense light raciation with various forms of matter 1 a fruitful source of
problems in nonlinear wave propagation Different modes of an atomic medsum have been
devised to 150late numerous types of phenomena that can oceur, In particular, tf the frequency
of the light wave 15 almost exactly equal to a transinon freq between two populated en-
ergy levels of the atoms that comprise the mater1al, then strongly resonant mteractions between
Iight and matter can take place
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In the theoretical description of this strongly resonant sitnation 1t 15 frequently possible to
1gnore all other energy levels of the atoms and treat the interaction of light with a so-catled
two-leve] atom. By assuming classical treatment of Light, resonant mteraction of mtense hight
with matter can be treated quute thoroughly

Bxtenstve investigauon of this strongly resonant sitaation Jed to the observation of soliton
behaviour both 1n expertments and numerical solutions of the governing equations. The effect
15 known as self-induced transparency

If the fiber contamns two-level resonant mmpurities or erbum atoms, doped to the core for
the purpose of puise amphification, this will nduce $IT Since optical pulse propagation 1 a
two-devel resonant medium 1s governed by Maxwell-Bloch (MB) et.]l.latlons,14 the nonlinear
fiber system doped with erbrum atoms will be described by the coupled sysiem of the NLS—
MB equations, 15,16

E.=ioE, ~ inlEPE + (p),

pe=10p - fE1.
0= fEp* + E*p). 10

where p and 1 are given by vv,* and [ Ivzlﬁ, respectrvely Here vy and v, are the wave
functions of the two energy levels of the resonant atoms and f the character describing the m-
teraction between resonant atoms and optical field, The bracketed term < > means averaging
over the entire frequency range,

{plarw))= J Pz, h{w)da,

f Ho)do =1, an
where k() is the uncertainty in the energy level.

Because of the averaging term 1m eqn (11), 1t wall be very difficult to analyse the equation.
To overcome ttus mathemancal comphcation, we assume the sharp line limi in which we can
wite <p>=p.

Through Painlevé analysis, we find that the NLS-MB fiber system allows soliton-type
propagation only when the following parametric conditon 15 satisfied,

2f% = (12)
Sinular condition has also been denved by Maimistov and Manykm 5
Substituting condition (12) mto eqn (11), the NLS-MB equations modify to

E, =l(%Eu +|EP E)+2{p),

py=2iep +2En,
7, =~Ep* = E*p). (13)
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The Lax parr 1s found to be,
¥ =U¥ .
Y={¥ ¥, 14
\{Jl =V [ A2 ] ( )
where

) 67l

o il SHER

and M= e+ iff) 15 the eigenvalue parameter so that the consistency condiion U, — V,+[U,
V] =0 leads to NLS-MB equations (13)

The smngle soliton solution of NLS-MB equations 1s also constructed using Darboux—
Backund transformation (BT)' and 1s found to be

E(z, £) = 2Psechipyexp(o, - :6),
Z,B{ﬂsmh(p])+z(at~a))cosh(;:vl)}exp(w1 -3}
B sinhp, )+ (et~ )" cosh* (py )+ B~ /4
B sinh*(p, ) + (o ~ )" cosh®(p, ) - B2/ 4
B sinh™(p, )+ (o ~ @) cosh®(py )+ B2 /4

where p and 0; are functions of z, £ and solnon velocity parameters given by,

plzro)=

Nane)=

pilzt)= 2/31{-4&,3 :':Z'__:ig).q_}“p(!m,

oz = 2m+,:’) }_(ﬁ )h(to }wo’g“”.

(plm) and ;¥ are mndependent of both z and 1), and 8, is a real constant

Mary research workers'®** have reported that a stable 21t/N =1 NLS-MB soliton exusts
Also, the multiple soliton structure proved that the higher-order NLS-MB solrions always split
mto multiple of 22/N =1 solitons The phase change of the new soliton 1s governed solely by
the NLS component while the pulse delay 15 determined solely by SIT componment when
detuning from resonance 18 zero

61 Expertments on SIT solitons in erbium-doped fibers

Nakazawa et al * have successfully transmtted opacal solitons with the effect of SIT 1 Ei-
doped fibers They used a waveguide of 8,900 ppm Er 10n concentration, cooled to 4 2 K The
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{a)

(d)

(b)

{e)

A

fomeoreton,

I N

(e)

(f)

Fi6 2 Experimental results for SIT m 2 1 Sm-long EBr fiber The Jongitudunal axis 1n each figure 15 1n arbutrary unit and
the transverse axis 15 500ps/di 277 and multiple 27 soliton are clearly observed

pulse source was a | 5 pm mode-Jocked Br-doped glass Jaser with a pulse width of 500 ps

Stable 2 and 4z, and multiple soliton pulses that broke up were clearly observed Figure 2
shows the experimental results for SIT 1n a 1 Sm-long Er fiber The lmear absorption was as
large as 179 dB, correspondmg to o =41 2 Figure 2a is an mput pulse with a width of 500
PS At a peak tmtensity of 50-70 W (Fig 2b), it was possible to transmit the pulse although 1t
had a low mtensity For a peak power of 100-130 W, a considerable pulse narrowmng s ob-
served from 500 to 120ps, as shown n Fig 2c This situation corresponds to an excitation of



404 K PORSEZIAN

2m< @< 37 pulses, having mput pulse with decreased duration and increased intensity. It 1
mportant to note here that the coupled power of 100 ~130 W agrees well with the estimation
of 107 W for the generation of an SIT soliton By increasmg the coupled peak wtensity to 170~
250 W, a double peak pulse was clearly observed (Fig 2d) which corresponds to a 27 pulse
(two separated 2av pulses) due to the excitation of 2 37< §< 5w input pulse By further increas-
1ng the mput peak power to above 300 W, pulse breakups with more than four 27 pulses were
observed (Fig. 2e and f)

This is attributed to the fact that multiples solitons were excited by the high power. These
breakups, and pulse narrowsng with an merease 1 mtensity, are proofs of the SIT Sumilar ex-
pertments were also done for 3- and 6m-long Er fibers

7. Solitons with Kerr dispersion in erbjum-doped fibers

As 1 pure sihica fiber, ultrashort pulses i Er-doped fibers also suffer from higher-order effects
hike TOD, S§ and SRS Doktorov and Shehesnovich™ considered only the SS higher-order
effect, and showed the coupled system of denvative NLS-MB fiber system allows soliton-type
puise propagation By considering the above effects, we muoduced the coupled system of the
Hirota and MB equations (H-MB system) which governs the wave propagation of uitrashort
pulses in Er-doped fibers with TOD and $$ * The H-MB system equations are

E, =i{} B, +{EF E}+ (B, + 6P E )+ ()

P, =uwp+En

7, =-(8p" +E"p) (18
We have analysed®>® the possibility of soliton-type pulse propagation m H-MB system usmg

Pamlevé aalysss and with the help of Lax par have also obtamed the explicit one-sohton so-
lution using BT. The Lax parr is given by

¥, =UY, T
= 17
v, Ym%) an
where
(- E
B wS
el ()
V=(A B . A= ~10
-B* AT - <—n>
A~ \A-100
Here

A= -2 =208 + 2AEP + JEF + B + (BE} - E.E7),
B=—42’E+2AE +JAE, ~ 2B} E+1E, - B,
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The H-MB equations are obtamed from the consistency conditon U,—V, +{U, V]=0 The
single soliton soluton of H-MB equation can be obtamed as

E(zt)=2f sech(p,) explicr, ~16,), (18)
where p, and 6, are functions of z,  and solrton velocity parameters given by

2ph(o)dew

p,(z)= Zﬂt{&xﬁj )2+8ﬁ(3a -p )Jz+p o),

o‘z(z,t)=2aa+[4(ﬁ2_a2), T%@_ﬂ%‘%‘”wa( -3° )JZ«H)’

2% and 0, are independent of both 7 and 7 and 6, 15 a real constant.

71 Coexistence of HNLS and SIT solitons

With inclusion of all the higher-order effects, the wave dynamics in Er-doped fiber 1s described
by the coupled system of the HNLS and MB equations (HNLS-MB equations). Maimistov**
considered the HNLS~MB equation and hnearized the same, although he did not study the
soliton possibility We analysed the possibility of soliton-type pulse propagation i the HNLS—
MB equation using Painlevé analysis and presented the Lax pair for the same.” The HNLS-
MB equation reads as

E, = z[a‘E,, +az|E|2E]—e[a3E,,, +o,|HE, +a5E(IE|2 )t]+(p),
=2i0p+ E1,
o E) 19

Using Painlevé analysis we derived that the HNLS-MB equation is mtegrable for choices of
paramelers given by,

ooy =1 2 and 305 =0ty = 2ats. (20)

For the system of eqn (19 with (20)) we have obtamed the Lax parr and discussed the soliton
solutions ™

8. Solitons in random nonlinear erbium-doped fibers

We have treated the randomness to the Er-doped fiber system using Pamlevé analysis aud
framed the inhomogeneous NLS-MB system which allows soliton-type pulse propagatmu
The INLS-MB system is governed by the following set of evolution equations,

1

—E|
2(z+zo)

E, =i BE,+|E’E

p,=2ap+En,
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" B
n, =B +Ep") o

8.1 Experimental results and ad n soliton-based n system

Recognizing the p 1 of soliton c¢ ation, more than ten research groups worldwide

are currently conducting soliton transmission expenments, pting to push the t

capacity to higher himuts

[n order to use solitons n our communication networks, a soliton must be created by myect-
1ng a pulse of the right size (ntensity) and shape mto a fiber that has dispersion of the appro-
priate sign, The pulse must be ‘bell-shaped” to have the required relationship between temporal
profile and frequency spectrum The 1ntensity must be large encugh for the nonlineanty to
counteract dispersion, and this depends on the level of dispersion 1n the fiber and the wverse
square of the pulse width Once achieved, the balance between dispersion and nonlinearity 1s
stable, 1f, say, the intensity is too small, the pulse will broaden to allow stable propagation
Thas balance can be maintamed over extremely long distances, and solitons can travel millions
of kilometers without significant distortion

The destgn of systems based on solitons must take additional factors into account. To begia
with, these systers need an entirely new approach to generate data, for example, the soliton
must be kept separated by at least five times thewr pulse width to prevent any overlap between
them Laboratories worldwide are also addressing the question of how much data can
be wansmutted usmg solutons and over what distances The first problem that has emerged
is that solitons are easily displaced m time, even though they still retain their mdividual integ-
mity. Noise mjected by the amplifiers can ‘kick’ the solitons from their starting positions m a
random way This so-called Gordon-Hans puters is the pnmary homting factor 1n solrton sys-
tem, and 1t is this that prevented solitons from being used n the first generabion of optical net-
works

Researchers have now developed many schemes for combating Gordon-Hauss jitter The
sumplest and most effective of these 1s to insert filters at each amplifier stage that only allow
certam frequencies through Such filters control the central frequency of the solitons and pre-
vent it from moving m time These schemes should allow solitons to be transmutted over ex-
tremely long distances and with data rates well in excess of those achieved 1n first generation
systems

The second problem with solitons 15 loss in the fiber which reduces signal mtensity and
thus desivoys the balance with disperston It turns out, however, that loss is not a serious prob-
lem f the mitial power of the soliton is chosen so that the average power over an amplifier lnk
equals the power needed to balance d spersion. The a lated disp on 1 each link must
also be kept wathin certam hmits

Solitons can also be multiplexed at several wavelengths, without the interaction between
chamnels suffered by NRZ systems This 1ssue 15 the focus of much current soliton research
Tt tums out that m the real world, where loss in the fibers leads to energy dissipation during
transmussion, there 15 some interaction between the channels. The interaction causes 2
frequency shift 1n the solitons which gives rise to tuming jitter. This effect can be achieved if
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the wavelengths used by each channel are close enough together. This 15 quite different from
the NRZ systems 1 which the interaction s reduced 1f the wavelength separation 1s made
larger

There 15 sull hot debate as to whether solitons or NRZ format will be nsed in our future
communication systeros. NRZ systems based on wavelength muiuplexing have operated on ten
channels over distances of 10,000 km. A soliton system using seven channels at 10 Gbit s~ has
also been demonstrated by Linn Mollenauer at AT & T Laboratories in the US Thus data rate
is an important difference. Current systems operate at 5 Gbit s and do not connect easily with
fand-based networks which have standard data rates of 2 5 and 10 Gbit s NRZ data at 10
Gbit 57" has a limited range and does not allow significant wavelength multiplexing, but sol-
tons can be multiplexed at this data rate. Soliton systems can be improved further by usmg
dispersion management techniques, and Masatoshi Suzuk: and colleagues at KDD Laborato-
ries, Japan, have shown that a system with a data rate of 20 Gbit ™! can work over 10,000 km,
even without components to control ptter.

However, established NRZ format can achicve high data rates by multiplexing many chan-
nels at lower data rates (2 5 or 5 Ghit s7). Indeed, a new link, Sea-Me-We3, will be the first
NRZ system to use WDM Soliton systems must therefore provide extra, unique advantages to
crease their chances of being adopted In fact, solitons do have some rather subtle properties
that could make them the preferred choice for future systems. Two of these are particularly
noteworthy

First, solitons could be unaffected by an effect called polarization mode dispersion. This 18
caused by the unavoidable imperfection 1 the circular symmetry of any fiber which leads to a
small and variable difference between the propagation constants of orthogonally polarzed
modes This creates a form of modal dispersion which 1s simular to the well-known problem m
multimode fibers In the case of single-mode fiber there are nearly two identical modes that
propagate with orthogonal polanization The difference in propagation constants 1s extremely
small, but this dispersion becomes a major problem over long distances and at high data rates
Current NRZ systems use the se-called polarnzation scrambling which rapidly vanes the input
polartzation of the signal to avoid thys problem, but it may not artse in soliton systems

Second, solitons are compatible with all optical processing techniques. A Jong-term goal 13
to create networks 1n which all of the key high-speed functions, meluding routing, clock recov-
ery, demultiplexing and switching are performed m the optical domain so that signals do not
have to be converted to electrical form along the way. Most of the devices and techniques pro-
posed for these tasks work only with well-separated optical pulses, so are particularly effective
with solitons.

It also appears that solitons, when controlled properly, can be more robust than NRZ
pulses. Schemes have been devised that can not only provide control over the temporal posi-
tions of the solitons, but also remove noise added by amplifiers. Such schemes would allow the
separation between amplifiers to be extended. Recent experiments have demonstrated amplifier
separations up to 140 km, well above those that can be nsed with NRZ puises. Thus is probably
the strongest economuc argument for using solitons, since fewer amplifiers would be needed
for the same data capacity.
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9. Summary and conclusions

We have reviewed the concept of optical solitons 1 nonlinear fiber optics with a brief expla-
raton of the vanous unportant physical concepts related to nonlmear fiber optics The possi-
bility of optacal sohiton 1n the presence of higher-order effects like third-order dispersion, self-
steepenung and samulated anefastic scattermg was discussed as also the possibility of wave-
length division multiplexing using solitons

In erbum-doped optical fiber, effects ke GVD, SPM and SIT are fundamental, and the
soltton solution of the NLS-MB equanon apphes The parametric condition for the same has
been explicitly shown Including lugher-order effects bke hgher-order dispersion, self-
sieepening and stimulated Raman scattenng, we have studied two mteresting systems, namely,
the H-MB system and HNLS-MB fiber system, and shown for the first tume, the possibility of
soliton propagation 1 FAINLS-MB fiber system for two parametnic choices

Now we are mvestigating the effect on damping and dissipation on solitons and also are
analysing the posstbility of solitons with the wnclusion of 1nhomogencous effect ke vanable
disperston nonlineanty and amplification
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