
Optical solitons in nonlinear fiber optics 

Ure 'emplam the concept o l  qxrol sol!ions in nonitnmr B k r  opucs ullh bnef reference to all ihc lmportaot underlymg 
~h.,riuil concem 'The iias~~lnlrty 01 ~ ~ l l ~ l l l  ~011mn I" DTC\C"CE of ~mmmnt b c h e r d e r  effects k c  hd-ardcr d,s- 

liben n also cxplamed 

1. lntrduction 

The world's communlcatlons mfrastruclure is po~sed to undergo a revoluhon Networks that 
send llght pulses through opbcal fibers and ophcal ampLGers will change the way we commu- 
nicate across the planet. But fiber-opbc l m ! ~  already carry information across the globe, so 
what IS new? First, the new network? have much greater capac~ties and WIJI be able to bansfer 
more mformaiion more qmckly Second, these systems are genuine networks: the links connect 
many different nodes and can easily be reconfigured. We can thus envlsage a world wide net- 
work in wluch distance does not represent a tecbmcal or econormc bamer to communicahon. 
When compared to other types of communication, optical communication uslng opacal fibers 
has more advantages hke.' 

* h~pher channel-hmdl~ng capaaty, 

* low loss, 

no dectro-magnct~c lntederence, 

* small dlmcnsion, 

a abundant availabll~ty of raw material 

In spite of l e s e  advantages, optical modes of commumcahon also have con?uamts due to 
dlsslpahon and dispersion. To avoid these problems, repeaters are placed at Constant p e n d c  
intervals to reshape pulses and to promde necessary amplficahon 

Recemly, in many fields of science, a new concept of permanent wave propagatto& 
namely, soltrcns have been reported Sobtons are sohlary waves which are formed by exact 
balancing between linear dispers~ve and nonhnear effects. The exact mathematical descripuo~~ 
of lhese pulses requires the solnhon of a nonlinear parbal diiferenhal equahon. Wlth respect 
to the system involved these counterbalancing effects vary. A p d c d a r l y  excimg prospect for 



future commun~cation systems 1s the poss~b~hty of usmg optical solitons to encode data In 
fibers, the (hear) group velocity dlspersion (GVD) exactly balances wlrh (nonilnear 

effxt) self-phase moddauon (SPM) to form optical sohtona We can mderstand the11 nature 
fmm ample physlcal arguments. Nonlinearity creates a frequency swwp or 'chirp' across the 
pulse, with lower frequencies at the tw1:ng side Dispersion also creales a chirp that is m the 
opposite sense d it is posluve These two chirps can therefore cancel out, and hence the two 
dlstolbng mechanisms can offset each other. The effect of nonlinearity and d!spers~on depend& 
on the format of the optlcal pulses The conventional dlgital formal ln optical commun~cation 
a non-rerum-to-zero (NRZ), so cdled because the optmi power IS on for 1 and off for 0, and 
does not renun to zero for consecutive Is Wrth these two effects the pulse propagatlon In pure 
shca fiber IS governed by the nonilnear Schrodmger WLS) equdtlon, as was theoretically pre- 
dxted by Hasegawa and Tappeir In 1973', and subsequently confirmed expenmentally by 
Mollenauer et a i  ' 

For mcrwsed channel-handlmg capaclty ~t is necefsary to transmit ultrashon pulses at the 
order of sub-picosecond and femtosecond But the propagatlon of ultrashort pulses experience 

higher-order effects like hd-order dmperslon (TOD), self-steepening (SS) and stimulated 
Raman scanenng (SRS) W~th the mcluslon of TOD and SS the tiher system 1s described by 
the Hxota equation, whch also allows soliton-type puke propagatlon4, ' The pulse propaga- 
tlon m presence of all the higher-order effects 1s descnbed by the h~gher-order NLS (HNLS) 
equauon. Sasa and ~atsuma' proved that the HNLS fiber system also has soliton solutlon for a 
paiixu1a cho~ce for panmemc restrictions among the patametas related to TOD, SS and 
SRS Very recently, we have also derived7 the parametric condltlons ~nvolv~ng all the effects 
wlnch the HNLS fiber system allows excepting sol~ton-type pulse pmpagarlon, and showed 
that HNLS equauon can have a smple single peaked solution. 

The concept of wavelength dlvlslon mult~plex~ng (WDM) a also used for transmitting 
larger number of channels in multmode fibers ' An opt~cal soliton 1s posa~bie only m mono- 
mode fibers However, a monomode fiber can handle two orthogonally polanzed waves ' Even 
ln monomode fibers, two fields of shghtly different group velocities can be transmitted to 
achieve WDM ' In elther case, two iieids are to be uansnutted Dynamcs of the pulse propa- 
gabon mth two fields 1s descnbed by the coupled NLS (CNLS) equation, or on includmg TOD 
and SS, by the coupled Hnutaequation and so on Both cNLs" and coupled Hrmta equatlonl' 
allow sohton-type pulse propagatlon In presence of all the hlgher-order effects. the two-field 
pmpagat~on Is governed by coupled HNLS (CHNLS) equauan,I2 whlch we lntroduced, and 
obtmed the soliton solution l3  

To compensate the ophcal losses, ather Raman pumplng or continuous wave pumping in 
erbium @)-doped fibers is u n l ~ e d ~ , ~ ;  both these metbods need an external pump source for 
ampmcation In 1967, McCaJl and ~ a h n "  proposed yet another type of solitons m two-level 

resonant atoms, due to self-induced transparency (SIT) effect Tlus e of soliton n descnbed rP by the Maxwell-Bloch W) equahons. Maimistov and Manylun,' m 1983, denved coupled 
NLS and MB equatiom to descnbe wave pmpagatlon of ophcal D U ~ S  m fibers wlth two-level 
resonant mpuihes Many reseai~cbers'"~' h& extendedthis &k and we have recently r e  
denved the pcametnc cond~t~on for the possibility of NLS-MB soliton in Erdoped fibem us 
mg Painlev6 andys~s.'~ 
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For ultrashort puke pi0pag;lbon in llbcrs doped u ~ t h  two-level resonmt atoms o m  har 
to d u d c  hrghcr-ordcl effects Recenlly, we have propsed coupled rystem of Haota and 
MB eqoauoes (H-MB) tn descnbe pulse propagatlon 111 Er-doped fibers w~th  TOD and SS,"' 
and :ilso sllnwn the posslbllltp of ~oliton pulse propagatlon Ln presence of all hlghec 
order elSeclh, the qstem 1s governed by HNLS-MB equations We have expliarly obralned 
pdjiilnetnc ~ o n d ~ t ~ n n  to study soliton propagatrun In this system thwugh PamlevC analysis? 

In t h ~  pripcr, we discuss thc concept of opt~cal so1:ton by explaming all thc phgslcal con- 
ccpta a:tached to hber system We show the posslbillty of solrton m presence of all lugher- 
ordci eSfeci\ Then we hrietly explain the LVDM concept usmg qolaons finally. we discuss the 
cuenistence oSoptr~:iI and SIT sohtons m Er-doped fibas 

According lo iiic inlcnilly of the pulse, s fiber can act Imearly or both linearly and nonlme3i-1). 
Optical loam and ni,liert;il dirpersion arc linear effectr III purc silica fibers As s d m  fihers are 
madc up oS centii)-~jmrneillc molecuio.;, tbz lowest dornmant nonlmear erfccl 1s due t~ ,  the 
third-urdc: wup:ihtl!ty I ~ I  the fimn i d  Kcrr nonh~ielmty For uluashort pulses, hi$~:her-ordcr 
effeclh such TOU, SS and SKS are also important Ti1 this section, we d~scuis thcse concepts, 
sod detailed m.rlI!emiiticdl and physlcal idcan can be hund in Kclser and Hasegawa ','.' 

Optical loc.;c\ are mmiy due to the followng rwo redsons 

presence of OH ion iinpurit~es 

Kaylc~gh scatlenng 

The OH loas ;re absarhed by stlica fibers dunng the lime of manuiacturc itselt Great care 18 
taken to male tlje concent~at~oi of OH ion very low Smce OH Ion Impuntm have many ieso- 
nanl vdm~l~onal cnergy Icvels, there will he heavy nttcnuatron when optlcal frquencles are 
trdnsnutted In t h i ~  resonant regon 

Rayle~gh scaltcring 1s due to the presence of random density fluduallonr of the frozen 
fused silica matenals The amount of acattenng vanes inversely proportional To the fourth 
power of the wavelenglh ot hght propigated 

2.2 Matenul dr.~per$ion 

It Ir also very Important to control drsperslon, wh~ch IS cdused by u.anation of the flber's re- 
fiactire ~ndex w t h  waveJength. Ths  means bat dlflerenl wavelengths travel wth ddferent 
velocitm Each optical srgnal contams a band of wavelcn~hs and although dspers~on ~n fiber 
can be small t h ~ s  effect can accumulate to broaden ~nd~vldual pulses leading to a loss of lofor- 
mallon. 

Also, the important parameter of any opt~cal drelccmc matenal is the Index of ~efraction. 
The rndex of refract~on depends on the frequency of the opflcal signal being propagated For 
digtal optlcal communicauon, pulses are propagated. An o p h d  pu1.r consists of a band of 



Fourier frequency components, each frequency component expenencing a d~fferent mdex of 
refraction. S u e  the velocity at wluch the hght signal propagattng 1s detemuned by the mdex 
of refraction, each Power component of a pulse wdl travel mth a d~fferent velocity, termed 
p u p  velocity. This causes temporal spreadmg of the pulse due to group delay T h s  is called 
the p u p  velocity d~spers~on (GVD) 

GVD a considered as a major problem m the field of optical commumcatlon, due to 
whch the energy of the pulse will fall away from the ume gap of a pulse, mducmg cross talk 
Error detection 1s also poss~ble due lo lowenug of peak power because of GVD. 

GVD 1s meaured as a parameter m the fiber, and dependmg on the sign, there can be two 
types of bspersion The value of the GVD parameter can be negatrve or posiuve w~th  respect 
to frequency, and the wavelength at w h h  the GVD parameter tends Lo zero is called the zem 
dspersion wavelength Forhmately, fibers can be des~gned to have zero hsperslon at the &- 
~wed operating wavelength The problem n that the effects of nonlinearity are more severe at 
zero &spersion, m a d y  because both the s~gnal and the amplifier noise then have the same 
phase veloc~ty Th~s  leads to strong m i u g  between signal and noise wh~ch cause distoruon ~n 
the pulse Nonlinearity cao be reduced by decreasing signal power, but a power of at least a 
few miiliwatts 1s needed to maintam the signal-to-noise ratio The solut~on is to desrgn fibers 
with dqersion that alternate m sign the hspemon of the whole system is then close to zero 
but the local dwpersion is non-zero. At tlus pomt the entue dupersion is taken care of by tlurd- 
order d~spersion (TOD) Dispers~on below the z m  d~ppersion wavelength is called normal or 
posltive dispersion In normal dnpersion regme, red-shifted (lower) frequency components 
travel faster than blue-sMed (lugher) ones. The opposite occurs on the other side of zero dls- 
perston wavelength and the dispersion 1s called anomalous or negative dispersion. Sohtons In 
normal and anomalous dispersion regme are called dark .and bngh~ sohtons, respecuvely Only 
the bright sohton is very useful in the field of opucal cornmumcation 

2 3. Kerrmnlmeari~ 

The most lmpomt  and dficnlt one to contml n nonlinearity whch anses as the refractive 
index of the fiber depends on intensity Th~s  should be ignored m shorter systems because ~t is 
intdnsically small but the transnussion lengths of the new systems are so long that the effect 
accumulates Norheamy can then cause new frequencies to be generated ~n the opt~cal s~gnal 
m h g  a unstable and distorted 

As the new wmmumcatlon systems are inherently nonhear a new approach to system de- 
sign has been adopted. For example, m h e a r  systems fhs signal-to-noise ratio can be in- 
creased sunply by ~naeasu~g the mput power, but m nonlinear systems the d~stortlon of the 
signal depends on the power it carnes. The s~gnal power must therefore be optirmzed for each 
system. Fortunately, there are accurate mathemaucal descriptions of the processes mnvolved, 
and extensive simulations have helped in the design of new system. 

An example is the separanon of the amphiiers. These are relatively costly and can be unre- 
hable, so we would bke to place them a s  far apart as possihle However, both the ampIIfief- 
induced noise and nonhnearity depend on amp!.uier spanng. The n o w  injected by each ampli- 
fier 1s Pportlonal to the gain, and the gam needed at each amplmer increases exponentially 
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with separation Increasing separahon reduces the number of amplifiers but also mcreases ex- 
ponent~ally the none injected at each one. The total noise in the system is thus higher for larger 
separauons Nonlineanty, on the other hand, is generally reduced at larger separations, since it 
depends on the average power across the system 

When the Intensity of the light pulse propagated exceeds a certain threshold lkvel then the 
fiber parameters not only depend on frequency but also on 11s intensity. In matenals like pure 
sihca fiber, the dominant nonllneanty is mainly due to third-order susceptlb~hty. (All the even- 
order suscepttb~litles vanish because of the centro-symmetric nature of the Si02 molecule) 
Most of the nonlinear effecrs due to thrd-order susceptrbihty need phase matchmg condihon to 
be sahsfied for enhancement. Unless special care 1s taken m general, the phase matching con- 
ditlon is not satisfied The important nonlinear effect due to third-order susceptlbrhty without 

' phase match~ng is the Ken nonlinearity or the intensity-dependent index of refraction 

In any signal propagation, there will be a generation of phase shift among hfferent fre 
quency components pmportlonal to the index of refraction. Since the index of refrachon de- 
pends on the intensity, which is a tlme-vqmg quantity, the induced phase sh~ft will also vary 
In tlme. Th~s  can be cons~dered as a generatlon of newer frequency components on both sides 
of the bandw~dth As th~s phase modulatron to the pulse 1s due to Intensity, 11 IS called the 
self-phase modulation (SPM). SPM can be considered as a spread in the frequency doman. 

In anomalous dispemon regime, the two effects, GVD and SPM, exactly balance each 
other. That is, the temporal broadening due ta GVD is balanced by spectral broade~ng due to 
SPM. This is the basic reason for the occurrence of optlcal solitons. Once th~s type of balanc- 
mg 1s achleved in the fiber, then the signal can be transmitted to very long &stance w~thout any 
loss in agnal. 

2.4. Selfsteepening 

Self-steepening (SS), also called Ken hspersion, 1s a nonhnear effect due to thud-order sus- 
ceptlbilrty when there is a propagation of ultrashort pulses As the rndex of refrachon depends 
on mntensmty, the group veloclty will also vary with the rntensity of the pulse, so the peak of the 
pulse wll travel slower than the wmgs. Hence, the pulse gets steeper and steeper d m g  the 
course of propagation It has the possibility of breakrng after propagahon over considerable 
distance. Physically, SS also produces spemal broadening and unhke SPM pmduces asym- 
mehlcal broadening. 

2.5. Stimulated Raman scartenng 

Stlmulated Raman scattering (SRS) IS another nonlinear effect due to thud-order susceptibility 
which gives a self-frequency shift to ulaashort pulses. The self-frequency shift is a self- 
induced red shift m the pulse spechum adsmg from SRS: the long wavelength components of 
the pulse experience Raman gain at the expense of short wavelength Components, redtlng m 
an increasing red sMt  as the pulse propagates. It has been recognized that self-f~equency siuft 
is a potentially dehimental effect m soliton commumcation systems because power fluctuations 
at the source translate into frequency fluctuations in the fiber through power dependence of the 



sobton self-frequency shift and hence mlo hrmng jitter at the rececver '' Spectral broadenmg 
due to SRS 1s also asymmerncd 

2.6. Wnvelengih rlivision multiplexing 

A slmple way of mncreasmg the capacity of these systems is to add new signals at other ophcal 
wavelengths, a technique known as wavelength dw~sion multiplexing (WDM). The amplifiers 
have a hroad enough bandwidth to mpl$y over a r a g e  of wavelengths close to 1 5 Wm, the 
usual tcanirmsston wavelength A second wavelength, for instance, thdt doubles the capacity of 
the system up to 16 hfferent wavelengths can be used So huge data capacibes can be achreved 
umg WDM Nonlmeanty is agam a problem, however, because ~t allow3 separate channels to 
interact; for mample, the presence of a pulse m one channel can alter the refractive index and 
phase veloc~iy of another channel. l l cse  interactions cause the information in both charnels to 
be htorted although these problems can be reduced by usmg dtspersion management and 
conh-olhg gan  sepmtion 01 the amplifiers. h this case, pulse dynamics 1s governed by cou- 
pled nonlmear partial ddferenhal equabou 

3. Optical solitom in pure silica fiber 

The elech-omagnehc field vectors that charactenre the Irght aave are generated by Maxwell 
equahons whch we shall wnte rn the form 

in which 6= 8+F, where F is thepolarizauon of the med~um 

Smce we are concerned wlth propagauou through spahally homogencuus sysLems that pos- 
sess charge neutrahty, we may set 7 = p= 0 The only source for the light wave m the me- 
dium 1s then the polanzatlon term i Polarizauon is due lo departure from complete spherical 
symmetry in the shape of atoms while the deparmre itself w; due to elecvomagnetlc field of 
hght wave in the medium. It 1s the interaction between hght wave and medmm that introduces 
nonheanty into the problem. The hght wave satisties a wave equauon that may be obtained 
by takmg the curl of (la) and usmg (lb). We o b b  

This equation is found to be nonlioear when the dependence of P upon E that 1s described 
above s used. 
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We now confine our attenuon to the propagauon of plane wave fronts and a plane polarized 
wave Reasonable correspondence between theory and experiment has been achleved w~th this 
simphficahon and at the present time sohlon propagauon has only been treated sahsfactonly m 
one drmenslon 

Pulse propagation with the effect of GVD and SPM in pure srhca fiber (here the effect of 
loss IS not constdered) 1s governed by nonhnear Schrodmger equauon. The dimensionless fm 
of NLS equation 1s gwen by,' 

where E 1s the slowly vwymg envelope of electnc field and subscripts z and f denote spatial 
and temporal derivatrves 

Cemm solutrons of nonlmear pamal d1fferentla.1 equations hke eqn (3) are called sohton 
solutions. The sol~ton solution of eqn (3) will glve the idea of the shape, w~dth and lntenslty of 
the pulse to be transmitted lor mliton-type pulse propagallon ' h e  ~dennficatlon of henear el- 
genvalue problem (Lax par) confirms as complete integiab~hty and sohton-type pulse propa- 
gation m the sysrem The NLS equation has a Lax par andN-sohton solution, 

where 

and Z= a+ rp) is the eigenvalue parameter, so that the consistency con&non U, - V,+ [U, 
Vl = 0 leads to NLS equation. The one soliton solution of eqn (3) takes the form, 

The posslb~l~ty of solrton-type pulse propagauon in nodnear fiber system was first proposed 
by Hasegawa and Tappert2 and expenmentally confirmed by Mvtlenauer e t n ~ '  

3 2. Experiments on generatron ofopcolsol~tons 

For the propagation of a soliton in an optical fiber to be verified experimentally, tt is necessary 
to generate a short optical pulse with sufficiently large power and use a fiber which has a loss 
rate less than 1 d B h .  It was only in the late 1970s that optical fiber loss could be brought to 
this level For the generation of optical sohtons, it is fuaher required that the spectral wldth of 
the laser be narrower than the inverse of the pulse width m time Ths  requires the generation 
of a pulse with a narrow spectrum known as Founer transform lmted pulse. 
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Fic I Cxpnmenuil formation aivlilron fonnatlon 

It n u  for ththeae reasona Ihat lhe thzorelral prtdcuon oS the lian\infirion 01 :I sol~toii wa 
successfully demonstrated expenmentally oniy aRcr qcrcn >cars In 1980. Mollerrauer <,I ul.' at 
ATBT Bell Labs succeeded tor the lint lnne In veniylng rolllon tranmiasion In sn optical 
liber i.npsnmenkdly. by utilislng a1 F" color center laser u411ch IS pui~ipcd by A n  Nd'YkG 
hser Csing a fiber w:h a relatively large cross-section (iO%ni') ;ind a ienglti nS7!)0 ni, they 
ransmrtted ail optical pdse with a Ips pulse width and me;aund the iiuiput pulse 5 h p z  hy 
mems of aritocorrelation For tins prt~cular fiber, the thzorcii~aily dcnvcd pcdh power for the 
fiirmat~on o l  m opt~cd sohton was I ?  W Such a large power level w;is chosen In order tlut 
tile autoc~~nclauon meaorement could easily be made at thc output ilde 

Figure 1 ~iluatralcs thlr famous expenmental resuit Were, for difl'crent power icvek at the 
input side, the pulse ahapc 1s measured by autoconelarm at the output sale of the liher 11 I ?  

clear from ihn l i p m  that iuh~le the oulpur pulse w~dlh Increases for a power helow the 
thcshold of 1 2 W, a caotinuously decreases for input power nbuve 1.2 I\' The appcilldncc of 
two peaks m the case of an input pourer of 11 4 W I a concequencc ol thc pulse intetierence o i  
tllee solitons, whlch are generated s~multaneousiy ln this m m c e  Thc ppcnodrc bchavlour of 
the hgher-order s~d~ton i  was contimed by Stolen er a1 " m a latcr cxpcrlment 

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

For inorc channel-handhog capaclty rt IS necessq  to propagate ultrashort pulses M~hchke 
and hlollenaue?' repolted m 1986, the self-frequency shft  for solitons due to SKS In 1985. 
Kodama2' and Kodama and ~asegawa '~  denved the HNLS bquatlon which governs the ul- 
trashort pulse propagation m pure nlica filxr w~th h~gher-order effects i r k  TOD. SS and SRS 
l%e HNLS equabnn takes the form, 
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ahere a,, ah a,, a and ar are the paamelen nlnted to GVD, SPM, TOD. self-sleepenmng and 
SRS, respechveiy 

Equat~on (5) for &= 0 reduces to the well-known nonlinear Schrodinger (NLS) equatlon.2 
For orai = = 0, eqn (5) describes the derivative NLS which governs the propaga- 
hon of NLS soliton in the pre5ence or Kerr dispers~on. Generally, Ken d~spers~on is treated as 
a perturbation to the sohton propagation but the denvatwe NLS system also allows soliton- 
type propagation and the hneat e~genvalue prohlenl will bc in the form of Kaup Newell or 
WKI 

Recently, we have proved that the NNLS equadon allows sohton-tppe pulse propagation 
only for the following parametric restrictions? 

W t h  fhe above conditions, the HNLS equalmu takes the following form. 

E, = I ( ~ E ,  + I E ~ ~ E ) + E [ E ~  +61E/%, + 3 ~ ( l b 1 ~ ) ~ ]  (6) 

Equauon (6) was proposed by Sasa and ~atsuma," III 1991, who traasfonned the HNLS equa- 
tlon to the momfied complex KdV equation and denved the 3"3 Lax par  for the 3ame. Thcy 
also denved the  oht ton solution uslng lnvcrse scatlenng tramform (IST). The solrton solution 
they have presented 1s a peculiar one with two pcaks which 1s very Mficult to generate m a 
sollton lascr 

5. Waveiength div$sion multiplexing using solitons 

Eventhough q n s  (3) and ( 5 )  mag adequately descnbe the propagation m smgle-mode wave- 
guides, rout~ng and switchmg operahons whch involve sohton pulses requtre mteracuon be- 
tween two or more modes In general, the coupled mode approach sull permits descnpuon of 
the pulse propagatlon In a mulbmodc wavegu~de by means of vector vealons of the above 
eyuations Although thcse system of equatlom are no longer mntegrable, one may obtain 
quanhtative ~nformat~on about pulse propagatlon by restncung to numerical or perturbalive 
methods. 

Here, first we w~ll deal with the nunimum number, 1.e. two, of mteractmg modes and then 
will extend our results to many modes Sltuauons of phys~cal interest that can be described by 
two coupled NLS equallons Include two parallel wavegurdes coupled throuph evanescent field 
overlap, the couphng of two polarization modes m unlform gu~des, or m stmcmes with a pen- 
odlc vanatlon of the parameters. It IS also mnterestmg to note that the stndy of the propagation 
of optical solrtons m two or more mode nonhnear couplers, hes~des bemg u n p o m t  from the 
theorehcal pomt of mew, 1s unportant m vlew of theu possible potential appllcahons. Recent 
advances have pcnmtted proof that solitons are ideal candidates for p e d o m g  all optical 
swtclung operations m nonlmcar couplers In fact, the11 stablilty leads to the poss~bihty of 
controllmg of couphng of the whole pulse, by means of changmng the mpnt power of a single 
pulse, or the phase of a superimposed signal 



On the o ~ c r  hand, the concept o i  WDM Lr also used for transmthng an Increased number 
of channels For thn, more than one field lias to he transnutted Solitons with two fields are 
descnbul by CNLS eqrrahons,il and the cfficts of TOD and SS, by coupled Hjrota equaaon 
As alrady ~nenuoncd, both C L N S ' " ~ ~  couplcd &rota1 equtrons albw solrtoil-type pulse 
piopagatlon. In the presence of all the lugher-order effects two-field prupagdiion 1s soverned 
by coupled HNLS (CHNLS) equation vluch takes the form, 

Srinllar to HNI.S equation. CHNLS equahons also admrt solrton solut~or~ only fni the foilow- 
I ng form 

Very recently. we have d a i d  the Lax pan for ccps (8) and obtaned the soliton soluhons 
usmg Bickiund traostmnatiun " We also dmved the.V-sohton solutron for the CHNLS equa- 
tion usmg the Hlmta b~lmear method " The one sohtun solutson of eqns (8) t&es the fonn, 

Thus, ~t bas been shown that the CHNLS system equations allow sohton-type pulse propaga- 
tlon. 

6. Solitons in erbiumdnped fibem 

The rnteraction of Intense hght rddahon wrth vanous forms of matter 1s a fruidul source of 
problems in nonlinear wave propaganon Different modes of an atomrc med~um have been 
dev~sed to rsolate numerous types of phenomena that can occur. Tn part~cular, fl the frequency 
ot the light wave 1s almost exactly equal to a tmsrtlon frequency hemeen two populated en- 
ergy levels of the atoms that compnse the mated ,  then suongly resonant mleractions between 
lrghr and matter can take place 
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In the ll~eo~ctical description of a i a  strongly resonan! situation d a frequently posszble to 
ignore all other energy levela of the a:ums and treat the Interaction of light wrth a so-calied 
two-level atom. By awmlng ~lass~cal  treatment of hghl, resonant ~nteraction of intense hght 
with matter can be treated qurle tlloroughly 

Extensive irivestlgallon of lhrs slrongly resonant sltuatron led to the observation of soliton 
bchwmr both In eXpenmentS and oumerical solution.: of Ihe governing equahons. The effect 
a known as self-induced tranrparency 

If the iibdr conlam I wo-level Iesonam Impurities or erh~um atoms. doped Lo the core for 
b e  purpose of pulse anipllflcation. this wiil mduce SIT Sincc optical pulse propagahon ID a 
two-lexl reQonnnt medium IS governed by Maxwell-Bloch (MB) equahons.'%e nonl~near 
hher s>stem doped with e r b u n  a t o m  w~l l  bz described by the coupled syslcm of the NLS- 
ME equatlons,'i,'b 

E. = ia,E.: - in21~12~ + (p) .  

where p and q m grven by \,,vz* and lvl12- I"$, respectnely Mere i?, dnd v2 w the wave 
functions of the two energy levels of the rcsonanl atom and f the character describing Ihc m- 
leractlon between resonant atoms and optical held. The bracketed term < > means averapg 
over thc entire frequency range, 

where h(w) is the unceitalnty in the energy level 

Because of the averagmng tcrm m eqn (11 j, 11 wdl be very d~fficult to analyse the quatlon. 
TO overcome t h s  mathemat~cal comphcation, we assume the s h q  line l m r  ~n wluch we can 
write q> =p.  

Through PamlevC analys~s, we find that the NLS-MB fiber system allows sohron-type 
propagat1011 only when the follow~ng paramerne cond~hon is satisfied, 

Slmlar condrtton has also becn denved by Mam~stov and Manylan l5 

Suhshtuting condition (12) mto eqn (11 j, the NLS-MB equauons m e  to 



The Lax par 1s found to be, 

where 

and i(= at r m  1s da elgenvaiue parameter ao that the consistency condluol~ Uz - V, t [U.  
C3 = 0 leads to NLSMB equanons (13) 

Thc single sohion soluhon of NLS-MB equations a also constructed usmg Dxbouu- 
Briclilund transformation ~ B T ) ' ~  and Ir found to be 

where p, and q are funcaons of z, t  and sohron relocrty pavameters gwcn by, 

(pim1 and qVJ are mdependent of both i and t), dnd 0, is a real constant 

Many research workers'"" have reported that a stable 2WN= 1 NLS-MB sollton exlsts 
Also. the multiple sollton structure proved that the lugher-order NLS-MB sohtons always spht 
into multiple of 2 d N =  1 solitonb The phase change of the new soliron 1s governed solely by 
the NIS componeul wide the pulse delay 1 s  detenmned solely by SIT component when 
detunmg from resonance 1s zero 

6 1 Experiments on SIT solitons in erbzum-dopedjibebers 

N b w a  et al " have successhlly tlansrmdcd ophcal sol~tons with the effect of SIT m Er- 
doped fibbers They used a wavegu~de ol 8,900 ppm Er Ion concentration, cooled to 4 2 R The 
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mi- 

pulse source uaa a I 5 pm mode-locked Erdoped glass laser mtb a pulse wdth of 500 ps 
Stahle 2 and 4% and mulhple sohton pulses that broke up were clearly observed Figure 2 
shows the expenmental results for SIT In a I 5m-long Er fiber The linear absorpt~on was as 
large as 179 dB, colrespond~ng to aL =41 2 Figugure Za is an Input pulse with a wldth of 500 
ps At a peak lntenslty of 50-70 W (Rg Zb), it was possible to iranmt the pulse although X 
had a low lntenslty For a peak power of 100-130 W, a cons~derable pulse narrowing 1s ob- 
served from 500 to 120ps, as shown 1x1 Fig 2c Thts s~tuation corresponds to an excitation of 



2n< a< 3n pulses, having mput pulse with decreased durat~on and increased mtens~ty. It e 
unportant to note here that the coupled power of 100 -130 W agrees well with the estrmatm 
of 107 Wforthe generahon of an SIT solrton By increas~ng the coupled peak mtenslty to 170- 
250 W, a double peak pulse was clearly observed (Rg 2d) which corre5ponds to a 2n pulse 
(two separated 2n pulses) due to the excitafion of a 3 7 ~  6< jir mput pulse By further increas- 
mg the mput peak power to above 300 W, pulae breahvps w~th more than four 2npulses were 
observed p ~ g .  2e and O 

This is ambuted to the fact that multiples solitons were excited by the high power. These 
breakups, and pulse narrowmg with an increase m mtensity, are proofs of the SIT Simdar ex- 
penments were also done for 3- and 6m-long Er fibers 

7. Solitons with Kerr dispersion in erbium-doped fibers 

As lo pun shca fiber, ul~~ashort pulses in EI-doped fibers also suffer from higher-order effects 
Wre TOD, SS and SRS Doktorov and ~hchesnovich" considered only the S S  lugher-order 
effect, and showed the coupled system of derivahve NLS-MB fiber system allows soliton-Vpe 
pulse propagation By considemg the above effects, we inuoduced the coupled system of the 
Hmta and MB equations (H-MB system) which governs the wave propagauon of ulu-dshort 
pulses in Erdoped fibers w~th TOD and SS "The H-MB system equations are 

fl, = - ( E ~ '  + E ' ~ )  (16) 

We have analy~ed3'~~' the pssibihty of sohton-type pulse propagauon m H-MB system usrng 
Panlev& analysls and mth the help of Lax p a  have also obtluned the expl~cit one-soliton so- 
luUon using BT. The Lax p m  is given by 

where 
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The H-MB eqnat~ons are 0btaned from the consistency condluon U, - tr, + [U, 11 = 0 The 
s~ngle sohton soluUon of H-MB q u a o n  can be obtamed as 

E(z, t) = L p  sech(p,)exp(ro2 -re2), (18) 

where p2 and q are lusctions of i ,  t and sollton velocity parameters given by 

p?(o' and up are nldependent of both :, and t and B, 1s a real co~istmt 

7 1 Coexlstennce u/HNL.S and SIT solitons 

W~th inclusion of all the hgher-order effects, the wave dynamcs in Er-doped fiber IS described 
by the coupled system of the HNLS and MB cquatlons (HNLS-MB equahnns). ~aunis tod"  
cnns~dered the HNLS-MB equation and hneanzed the same, although he d ~ d  not study the 
soliton possihil~ry We malysed the possibility of sohton-type pulse propagabon m the HNLS- 
MB equatton uslng Painlevt analysis and pmented thc Lax pax for the same." The HNLS- 
MB equallon leads as 

Usrng Pamlevt analys~s we derived that the HNLS-MB equation is integrable for choices of 
paramclers glven by, 

al.a, = 1 2 and 3a3 =a, = Za,. (20) 

For the sys(em of eqn (19 with (20)) we have obtaned the Lax patr and thscussed the s o h m  
solutions 24 

8. Solitons in random nonlinear erbium-doped fibers 

We have treated the randomness to the Er-doped fiber system using Pmlev6 analysis and 
framed tho inhomogeneous NLS-MB system which allows aoliton-type pulse propagation " 
The INLS-MB system is governed by the followmg set of evolution equations, 
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8.1 @primenfal results odvanlages Ln sohron.hosed commwifcutfon syszem 

Recognizing the potenhal of solrton commumcahon, more than ten research groups worldwde 
are cmntly conducting soliton transmlsslon expenments, attempbng to push the transmission 
capacq to higher bmts 

In order to use solltons m our communlcat~on networks, a soliton must be created by Inject- 
mng a pulse of the nght size (mntenslty) and shape Into a fiber that has dispersron of the appro- 
pnate sign. The pulse must be 'bell-shaped' ro have !he required relationshrp between temporal 
pmfde and frequency spectrum The mtenslty must be large enough for the nonlineanty to 
counteract dispers~on, and thls depends on the level of drspers~on in the fiber and the inverse 
square of the pulse wldth Once acheved, the balance between dispers~on and nonllneanty IS 

stable, rf, say, the intensity is too small, the pulse wlll broaden to allow stable propagation 
Tius balance can be m a n m e d  over extremely long distances, and aolltons can travel mllrons 
of kilometers without slgn~ficant d~staruon 

Thedeslgn of systems based on solitons must take additional factors lnto account. To bean 
with, these systems need an entuely new approach to generate data, for example, the soliton 
must be kept separated by at least five tunes theu pulse widill to plevent any overlap between 
them Laboratories worldwde are also addressmg the queshon of how much data can 
be t~ansmtted usmg soiltons and over what distances The first problem that has emerged 
is that sohtons are easily displaced in hme, even though they still retaln their ~ndlvldual integ- 
nly. Nmse mjected by the amplifiers can 'luck' the solitons from theu startrng positions in a 
random way Thls so-called Gordon-Haus jitters is the pnmary Ilm~tlng factor m solrton sys- 
tem, and it is thls that prevented solitons h m  bang used m the first gencrabon of ophcal net- 
works 

Researchers have now developed many schemes for combating Gordon-Hauss jltter The 
slmplest and most effecbve of these 1s to lnsea iilfers at each amplifier stage that only allow 
cemn frcquenc~es through Such filters control the central frequency of the solrtons and pre- 
vent lt from movrog m m e  These schemes should allow sohtons to be transrnltted over ex- 
tremely long dlstances and wrth data rates well m excess of those achieved In first generabon 
systems 

The second problem wlth solitons 1s loss in the fiber whlch reduces slgnal mtenslty and 
thus drnuoys the balance with dupers~on It turns out, however, that loss is not a senous prob- 
lem If tbe mhal powcr of the sollton is chosen so that the average power over an amplifier lmk 
equals tbe power needed to balance dispersion. The accumulated dispersion m each I l k  must 
also be kept m k n  cenam hmts 

Sohtons can also be multiplexed at several wavelengths, w~thout thc lntmctlon between 
charnels suffered by M(Z systems This lssue IS the focus of much cunent sohton research 
It turns out that ln the real world, where loss in the fibers leads to energy disspahon dunng 
msmsslon, there 1s some Interarbon between the channels. The Interaction causes a 
frequency slnft m the sohtons which gwes m e  to m u g  J I ~ .  Thls effect can be achieved d 
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the wavelengths used by each channel are close enough togcther. This 1s qulte hfferent from 
the NRZ systems m wlmh the mleractlon 1s reduced d thc wavelength separauon IS made 
larger 

Then a shU hot debate as to whether sohtons or NRZ format will be used in our future 
communication Fystenis. NRZ systems based on wavelength multlplcxing have operated on ten 
channels over d~stancss of 10,000 km. A soliton system usmg seven channels at 10 Gblt s-' has 
also been demonstrated by Lmn Mollenauer a1 AT & T Laboratories in the US Tlus data late 
is an important rllfference. Current systems operate at 5 Gblt s8  and do not connect easily with 
land-based networks wluch have standard data rates of 2 5 and 10 Gbrt sC1 NRZ data at 10 
Gbit SF' has a limited range and does no1 allow slgniilcant wavelength multiplexmg, but soh- 
tons can be multiplexed at t h ~ s  data rate. Soliton systems can be improved further by nsmg 
d~spersion management techniques, and Masatoshi Suzuh and cnlleagues at KDD Laborato- 
nes, Japan, have shown that a system with a dam rate of 20 G b ~ t  sK1 can work over 10,000 km, 
even wrthoul components lo control ptter. 

However, established NRZ format can achrcve hrgh data rates by multiplexing many chan- 
nels at lower data rates (2  5 or 5 Ghrt s-'). Indeed, a new Irnk, Sea-Me-We3, will be the k s t  
NRZ system to use WDM Sohton system must therefore provide exlra, umque advantages to 
Increase theu chances of bemg adopted In fact, solitons do have some mther subtle propemes 
that could make them the preferred choice for future systems. Two of these are panicularly 
noteworthy 

Rrst, sohtons could be unaffected by an effect called polanzatmn mode dispersion. This is 
caused by the unavoidable impetfecuon rn the ctrcular symmeoy of any fiber which leads to a 
mal l  and vwable dlflerence between the pmpagabon constants of orthogonally polanzed 
modes Thrs creates a form of modal d~spers~on which 1s sirmla~ to the well-known problem In 
mulhmode fibers In the case of smgle-mode fiber there are nearly two identical modes that 
propagate with orthogonal polanzabon The difference m propagauon constants IS extremely 
small, but this dispersion becomes a major problem over long d~stancas and at high data rates 
Cunent NRZ systems use the so-called polanzation scrambling wh~ch rap~dly vanes the input 
polanzation of the signal to avoid this problem, but it may not anse in sohton systems 

Second, sohtons are compatible with all optical processing techniques. A long-term goal IS 

to create networks 1n which all of the key high-speed hctrons, mcludmg roubng, clock recov- 
ery, demulflplexing and s w ~ t c h g  are performed m the optical domain so that signals do not 
have to be converted to electrical form along the way. Most of the dev~ces and techniques pro- 
posed for these tasks wok only wlth well-separated optical pulses, so are particularly effecbve 
mth sohtons. 

It also appears that sol~tons, when controlled properly, can be more robust than NRZ 
pulses. Schemes have been devlsed that can not only provide contml over the temporal posi- 
tions of the sohtons, but also remove noise added by amphfiers. Such schemes would allow the 
separabon between ampl~fiers to be extended Recent experiments have demonstrated amphfier 
separdtions up to 140 km, well above those that can be used wtth NRZ pulses. % is probably 
the strongest econormc argument for usmg solitons, since fewer amplifiers would be needed 
for the same data capacity. 



9. Summary and canelusions 

We have reviewed Ihe concept of opt~cal sol~tons m nonlinear fiber optlcs with a bnef expla- 
nmon of the v m u s  unportam phys~cal concepts related to nonlmear fiber optlcs The possl- 
bhty of ophcd sohton in the presence of hgher-order effects like thud-order d q e r s ~ o n ,  self- 
steepemg and sumulated melastx scanenng was dmussed as also the poss~billty of wave- 
length division muluplexlng usmg sohtons 

In erbmm-doped optical fiber, effects 11ke GVD, SPM and SIT are fundamental, and ihe 
sol~ton solution of the NLS-MB equabon apphes The paramemc cond~tion for the same has 
been exphc~tly shown Including hgher-order effects l k e  higher-order dispersion, self- 
steepemng and shmulated R a m a n  scattering, we have sludied two interesung systems, namely, 
the H-MB system and HNLS-MB fiber system, and shown for the first time, the possibil~ty of 
sohton propagation in HNLS-MB fiber system for hvo parametric choices 

Now we are mvestigatmg the effect on damplng and drss~patlon on sohtons and also are 
analysmg the possibihty of solttons with the inclwon of ~nhomogencons effect hke vanable 
dispersron nonhneanty and amplficat~on 
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