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Applications of Nonlinear Schrodinger ‘
Equations in Optical Fiber Telecommunication Systems
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ABSTRACT: The paper presents comprehensively some applications of the nenlinear Schmdinger (NLS)
equations i the optical fiber teleccommnication systems. The main contents are presented in the following six sce-
tions; 1 YN-sdliton interaction in aptical fibers;2 ) pulse propagation in the fiber;3) the femtesecond soliton-soliton in-
torction in dispersicon-shifted fiber; 4) strongly coupled nenlinear pararetric solitary waves; 3) higher-order effects in
handwaclth- limited soliton propagation in obtical fibers; 6) supprossion of noise accummlation in bandwidth-limited

solirn mansmssion by means of linear loob mirmors.
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Under what conditions ¢he dvmamics of the subbammonic
ficld arc deseribed by a nenlinear Schrodinger equarion is
tresented. We also present new sdiary-weve solubons o the
traveling-wave paramctric amplifier equations for arbitrary
phase matching in which thete are equal group veloeities and
ro pump dispersion. In this songly coupled case one condi-
ton for solitary-wave Propagation i that the subbagrmic
field oheys a nonlinear Schrodinger equation while the pump
ficld is proporticnul 1o the square of the subhmmonic. The in-
teresting feature of the now solutions is that they are valid
even for cxact phase matching, in which the effective nonlin-
eanity 15 very large. These results show thar the two coupled
partial differential equations describing traveling-wave para-
meiric amplifiers encornbass # broader class of solitary-wave
salutions than the nenlinear Schmdinger equation.

Solitons and fiber amplifiers will be essenial compo-
nents of futre ultrahigh-bandwidth optical teleconmmuinica-
rion systems. Subpicosecond (107" s)-to-femtosecond(10 7"
s)scliton pulses are owsidered ®© be very atiractive candi-
dates as signal camiers for realizing an ultrahigh-speed opti-
cal telecommumication systom at a few hundred Sigabis{ 10°
hits) per second. For fermtosecond soliton teleconamumication
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to he achieved, it 1s important t© understand the charcteris-
tics of solitrns when they are tnamitted thirough an optical
fiber. These include solitan-soliton interaction, the soliton
self-frequency shift{ S¥S), and the offect of polanzation on
the single-wevelength capacity of 4 solivn Tansmssion sys-
tomn and has pemmitted 40 G bit/s doubling of the single-
wavelength capacity of a solitn transmission syerem and has
permitted 40 G hit/s ransmissicn over 1000 k" If polar-
ization-multiplexed soliton pulses in the fermtosecond regime
are used, there is a possibility of further increasing the bit
pate inw the terabit{ 10™ bits)-per-sceand regime.

1 N-soliton interaction in Optical Fibers

L. Gagnon and N. Sitévenar™ present an exact solution
of the nonlinear Schrodinger cquation that deseribes various
mteractions of N pulses of equal amplitudes.

Twa neighboring temperal{ or spatial ) solitens in nonlin-
ear offtics are known to suffer muwal inveraction that de-
pends an their relanive amplitude, phase, group velocity, and
initial distance. Even in the more practical situation in which
the amplitudes and group velocities are the same for hoth
solitons, they experience interaction that tends 1w attract or

Biography : TUAN Shao-gaangf 1963-), crigin place : Bacing Hunan, Lecturer, Waster, main research direction: Monlinear Optics.



http://www.cqvip.com

118 FEREER

CAAASR)

2000 4

repulse them, depending on their relative phase and mital
distance. This phenomenon is an inrinsee proporty of the
nondinear Schodinger 1NLS) cquation

i, foa tulult =0 (1)
which provides the well-lmown hasic model for model for the
self-modulation( or self-focusing) theary™!, where w(t, o)
the amplitude of the clectrie field, r is the propagtion coor-
dinare, and 1 15 the reduced time coodinarc.

Nuarerical swmilatons of 2-und N-soliton interactions
have wains™7 . Soliton interaction has also heen studied! an-
almeally with the general femework of the inverse-scamer-
wg-wanstorm ( IST) method"® . Various perturbation ap-
proaches have also been used, mainly in the regime of wealdy
averlapping pulses™®! . The nuin result of these analyses was
that the intemetion foree between two solitons of equal am-
plitude decreases exponentially with the initial disznce be-
rwecn them, The frree s attrzetive when the two solitans are
in phase and leads w a periodic eollapse of the two sdlitons ;
the force is repulsive when the two initial solitns are our of
phase s that the solitons eventually separate, even for a rel-
atively small inittal phase difference. Experimental ohserva-
tions have also confirmed these properties, at least within a
range m which the self-stimulated Raman scattering does not
destroy the periodie collapse™ .

L. Gagnon et al. present some cxact solutions of the
INLS equation that describes the irteraction between N soli-
fans of equal amplitude but with a particular chip. Here the
number N refers © the multiplicity of ane unique pole.

The solutions are obtained hy solving of the NLS )

cquatien using the so-called dressing method which mans-
foms the problem into Zakharay-Shabat linear differcntial
where

U:i[—.\/z u'l—|
u AS
v [Huﬁﬂ,\l/:

— 4, — iAu

and A is a complex pararmeter.

u, — fu’
. 2 2
tlowl™— A°/2

2 Puise Propagation in the Fiber

W._Farysiak et al.™ studied aversge soliton propaga-

tion in periodically amplified soliton systenis with stoprsase
varving {iber disporsion. Optimeal dispersir. profiles are oh-
tained by minimizarion of a strple and inniitively appealms
perturhation function. At a given data rate, n-fold prfiling 1s
doan o permnit n-fold extension of amplifier spaang. Equiv-
alerdly, at a given amplificr spacing, it pemits . #-fold in-
crease of datz raie. They doamensmared the feasibilits of 40-G
bit/ s aperation aver several hundred lan, wsng 5-ps wolitns
and 50-lm amplifier spans.

In periodically anplified solikn panamission <vstorms,
pertuhations © the data stream oceur becanse of the addition
of spontaneous cmission tose at the amplifien) ' and be-
cause of a discontimeus halance between dispersion and
nonlinearity aver cach armplification period' ™' .

At higher data mtes over short ransmussion. distances,
the effects of concatenated moise are lexs restmictive, and the
average soliton condition becanes the daminant constraint on
data capacity. Average soliton perturbations mpidly dominare
high-data-mte systam design.

Pulse propagation in the fiber is described by the ner-
malized nenlinear Schrodinger cquation™

Qa1 Fu .
—_ ———_— - = — 4 {
:‘32+23£3+|u|u i (3)

where u represents the electmie-field amplirude and T repre-
serus the fiber loss. The amplifier power gains are G = exp
(2T, ), where =, is the nomalized amplificr spacing. Afrer

introduction of the wansfoomation w2, 1) = ol z) Al 2, 1),

Eqa. (3)becames
2A 1 FA . Ta
IETZ+EHIE+¢(Z)|A\A—U 4)
where o (2)= Ul z) = Alexp( - 2T%) and

) 2I%,

& T ow(-2Te)
for {U( 2)} = 1. Thus the exponential energy decay in the
periodically nanlinear Schrodinger equation is equivalent o
an exponential decay, Ul z), in the nenlinear coefficient of
the lossless nonlincar Schoodinger equation. If the periad of
U 2) is short campared with the sdlitn period, its average
15 & gooxd appreimation in Ex. {4, and mew ohiain the aver-
age soliron model ™™, where A, is the N=1 soliten ampki-
tude in En. (3)

(5)
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3 the Femtosecond Soliton-soliton Inter-
action in Dispersion-shifted Fiber

T. Sugawa ot al. ™! had investigared the polarization
dependence of femtrsecond s diton-<oliton interaction oA
disperaar-shafied fiber. To analyze the ferniosecond soluen-
soliton mteraction m a dispersion-shifred fiber, they sirpular-
ed the coupled nonlincar Schodinger equations, given hy

Jdu o Jduy 1 @y 5 2 R
—Il‘3q+°.3;,)_”3_jt?+|u| u*glnlqu
Lo “expl — [Réq) + ()—ul (6a)
3‘Llu xp 1 7 rr'?q P
(e pdu 1o = 2
S IS ) (D T * 22 -
z'.(?.v; ﬂa:J 2;}:1+‘T’|’0+3'u"{)+
1 1 s : ‘@
Fu v expl(~ LRSQ)'F‘;(,}Q . (6b)
where
Au
= =
2G| pn
‘ ALt AR dpu”
ﬁl‘qu J; +L2I’J—__ar +(-3w—ar]|{?a)
3'{; _
Ia(l'k.:mﬂ
/ r}"ull alur: auqn
— | v 3, ' av- 31 + cu P ](Tb)

uand v are orthogonally polarized sdlitons. R is the noe-
ralized wave vectr, and & is the welk-off beeween polariza-
ton modtes. The fourth temms on the dght-hand sides of eqs.
10)indicare 4 coherent interaction, which is included in the
serulation .. Sinee the birelingenee of the fiber is weuk, the
phase-rotation term moves slowly oampared with thart of high-
Iy hirefringent fihers therefore exp( -:R&g) is nat averaged
wt 1 zem. Thus the echerenr tem should be taken ino ac-

cunt m their mumerical analvsis.

4 Strongly Coupled Nonlinear Paramet-
ric Solitary Waves

M.J. Wemer et al."™' derived cenditions under which
solitary  sirmlton. waves can propagation X' parametrie
waveguides, These conditions can occur hoth with and with-
out the phase matching.

[ntroduce new solitary-wave solutions for equal group
velocity and zero pump dispersion, in which the o fields

have different temporal profites. These now results extend the
domain of the Schrdinger-like sohutions, extended w hold
anly fox harge phase mismarching. The problem of finding sal-
iarv-wave  solutions  roduces  directly 0 o nenlinear
Schiodinger equation i . Suppose that ¥ s wolitary, with
W~ oxp{ 8) ythen A W/ E = iQW, o that
T = & /200F - ) (&)
It follows, mamediatcly that ¢ must vy as oxp{ $05/2) and
satisfies
[iaiig—%sgt](kﬂ3)aa—§—m—l—g] [ qrfl:}tp =0
(9)
which is simular w0 the nonlincar Sclwodinger couation ch-
tained above. Howover, Eq. (9) decsn ' v mply that sany N-
solin wlution for @ is a coupled ofitn of the full
equations; aly solutions of the form @ ~ cxp ( i28/2) arc
canpatible with thetr assumptians. Since 3 can have cither
sign, bright solitary waves exist I hoth ancmalous and nor-
mal dispersions. It is also for dark solitary solutions. Partiou-
lur solitarv-wave solurions for which 2= — ¥ ¢k, ) are
¢ = [2¥senl B ) B - @)] P sech(yr) -

N -
E‘XP[—iisgn(k])E] {10a)
¥ = -yl b Jsech™(yr)
exp -y send &) ) £] (10h)

which arc bright solitary waves for san( 2" )0 8 — Q) >0,
and
o= 27 senl )03 - 03]tk yo)

xp [f L sent k”l}E] (11a)
¥ = ry'sen{ k", Jtank*( yr) -
expl iy senl &°, ) £] {11b)

in this case of dark solitary waves for sen( 2" )( 8- 2) <
0. Nove that for the bright solitary waves, the cnegy scales
with 7" far | B8] < ¥*, which can be much smaller than in
the phase-mismarched solution. In summeary, the new solut-
icns permit the possibility of the fommation of solitary waves
at a much lower intensity than in the case of large phase mi-
gratching.

5 Higher-order Effects in Bandwidth-
limited Soliton Propagation in Optical Fi-
bers
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A.B. Aceves ot al. "™ examined the cffects of higher-
order linear and nenlinear terms in handwidth-lirmited ampli-
fied solicn propugation using manerical studies and solivn
pertuthation thearv. These effects are respansible for strong
reduction of sdliton-sdliton intcraction in such systems.

The msertion of handpass {ilrers after the lumped am-
plification was first proposed in long-distance transmission
links o reduce noise-induced tanporal jiter in soliton
propagaticn’ " . I was then reoognized thar handwidth- limired
amplificanion { BLA ) has other positive implications bady in
trangmssion lnks and in fiber lascrs such as the reduction of
-oliton-solitm interaction™ " and of collisicn-induced rem-

poral Jitter it wavelengrth-division-tul tiplexing

. ED)
Trafsmt ﬁ'il':l'lT ’

The so-called complex Ginzhurg-Landau  equation, a
generalization of the nonlinear Schodinger cquaricn with
camplex coefficients and including a linear amplification
rem, has been considered o describle pulse propagation fi-
bers with BLS. As is well knosn, however, 2 comrect model
must take oo account higher-arder linear and nonlinear
effects ™', particularly but not exclusively for pulses in the
subpicorecond range, such as those now commonly generared
i a fiber laser.

We focus our attenrion on the role played by nonlinear
cffects, i. ., nonlincar dispersion{NLD) and intrapulse Ra-
man scamering (IRS). H BLA is zhsent , NLD, which is
cased by the intensiey dependerice of the gronp velocit, is
respsible for asvometric speetral  broadoning and self-
steepening of the tailing edge of the pulse™ ™. IRS causes
a continuous downshift of the carrier frequency of the pulse,
known as self-frequency shift. This self-frequency shift also
orginates an acceleration thar adds an exra velocity canpo-
nent o the one duar is due o NLD. This effect can he sup-
pressed by BLA since the filter introduces losses for the
dormahifted frequencies ™ .

Recertly extensive studies on the cffects of third-crder
linear dispersion (TOD) in a BLA gysten were pre-
senited ™™, The authars analvzed the propagation of solitons
in a BLA systern with NLD, and IRS using mumenical studies
and soliton perturhation theary. A comparison with TOD-in-
duced effects reveals that IRS is of the same arder or even
stronger in reducing soliton-soliton interacticn.

Propagation of short light pulses in optical fibers in the
presence of BLA can be decribed by a modified camplex

Ginghurg-Tandau cquation or, cquivalontly in the scnse pre-
viously spectficd, by 2 perurbed nonlincar Schmdinger ogu-

Llﬁ(]’l[zl] .

Q= 5t i gl gt o b Fe

Yo g gy, + iR g ) {12}
where 1= (T — Z/u, )/ 5, and 2= Z/ % are nomalizcd
time and propagation cordinares, with 1, an achitraey rme,
=/ | £ |, and with ©, and k" the group veloctty and the
group-velocity dispersion; 3, = £7/(6 E | 5, ), with £ the
third-arder dispersion; ¥ =2/ (wy,1,) and R= — T,/ 1, are
the NLD and IRS coefficicars; o is the owess amplifier
gainsand [ is the filter depth. Newe that TV NLD, and IS

scale with 1y in the same manner.

6 SuPPression of Noise Accumulation in
Bandwidth Limited Soliton Transmission
by Means of Nonlinear LooP Mirrors

M. Matsurmoto ot al. ™! showed that the :mplification
and accumulation of noise and other dispemsive waves in
handwidth-limited soliton transmission can be suppressed by
the use of nonlincar amplifving loop mimors that sclectively
amplify solitons. This schamne offers an alternative possibiliy
for achicving stable Wtlong-distinee optical solitn wans-
Imission.

Two methads have recently heen proposed o reduce the
Gordon-Haus timing jitter of solitons in fibers™ induced by
ammplifier noise. Onc is o modulate pulse mains synehronoos-
ly in the time damain to retime the pulse position by high-
speed optical modulators ™, The ather is to suppress the dif-
fusion of the solitan center frequency by nareow-hand file-
ors™ ! In the larer method, which has the advantages of
being passive and heing adupable o wavelength-disision
multiplexing, the problem of lincar-wave grosth caused by
the excess Zain around the filter cemrer frequency must be
settled. Mollenaver et 4l. recently demonsirated thae diding
the center frequency of the filrer along the transmission dis-
tance is quite effective in climinating the acoumdation of
noise, Introduction of nonlinear gains thar selectively armpli-
fies sdlitons have alsn heen propesed 1o suppress the growth
of lincar waves™ ™ M. Matsarmoxo et al, PEORCSE 10 USC non-
linear amplifving locp mirmors(NLM ' s) pericdically inserted
in the transmission line as a high-speed nonlinear-gain cle-
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ment and present mmmerical simulation of stable soliton
TrASTISSION -

The pernarbed nenlinear Schodinger equation for the
distributed model is

A 1 Fu 3
Iﬁ,+7a,rg+|u|uf
2 o u
—Zmllu\u+rr’33,1re+
ii3+LlnAu+: 2 (ln ' w 1)u(13)
\ Zam Zam

where 3 >0)is a parameter representing filter strength and
8 1o the exress gain, Zgyy 1s an assumed peniod of insertion
of 1« MM romalized to the dispersion lenth. Equarien{ 13)
reveals that the nonlinear gun coefficient is proportional ©
In u ', which means that linear waves with | u| <1 are
forced @ decay. Taking tenms is the righr-hand side of Eg.
{13)as perturbations and assuming the solution of Eq. { 13)
inthe form « = ysechy{ T+ kZ)expl — T+ i( 7" -
x"}/2]. We obtain the following equations describing the
evolution of 9 and «{Ref.21);

) . [ 4

ﬁ — 287 72.3;?(§17 + le}+ mqlnnilﬁra)

d 4 k)

ﬁ :7315-“3 £14h)
where 8° = 8+ (In{ A+ )/ Zyp and ¢ = I_w sech’ zin

(sechrdd.c= — 0. 6137. The effect of the nonlincar gan is
determined sdlely by the spacing between nonlinear loap mir-
o Zegyg. Equations{ 14) have a stationary solution { 5, &
=0}, where 7y 15 & solution of 28" — 2355/3 + {4/ Zupny)
Ing, = 0. The solutian is stable for Zyw > 3/{ frg ), which
mezns that the insertion of nonlinear loop mimars may cause
instability if the insertion period 2y is appropriately amall,
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Mannich Reactions of Aromaitic Aldehydes with
Aromatic Amines and Aromatic Ketones

XIAO Shang-you, ZENG Qind-wen, CHEN Zhi-tno, XA Zhi-ning. L Zhi-liangd
(College of Environment Chemistry and Chemical Engineering, Chongting Uhiversity, Changging 400044, China)

ABSTRACT: Mannich reactions of ammatic aldehydes with aramatic amines amines and arermatic ketones are perfamed
at roam remperature of slighdy below in the presence of concetrated hydrodhleric acid as the caalyst. Fostr-one new compounds
are synthesized with yields of 18.9% to 92% . The effect of subsrituent in the ring. the amount of hydrochlaric acid, reaction
tanperature and reaction time are svstermatically examined as well,

KEYWORDS: Mannich bases; Mannich reaction; aromatic aldehydes; aramatic ketones: aromuatic amines
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