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Existence of optical solitons on wavelength division multiplexed beams in a nonlinear fiber

C. Yeh and L. A. Bergman
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, California 91109

~Received 9 March 1999!

A simple analytic expression for the initial fundamental optical solitons on wavelength division multiplexed
~WDM! beams in a nonlinear fiber has been found. For an ideal fiber with no loss and uniform group-velocity
dispersion~GVD! in the anomalous GVD region, the initial form is@112(M21)#21/2 sech(t), whereM is the
number of WDM beams andt is the normalized time. Computer simulation shows that these initial pulses on
WDM beams in this fiber will propagate undistorted without change in their shapes for arbitrarily long
distances. The discovery of the existence of solitons on WDM beams presents the ultimate goal for optical fiber
communication on multiple wavelength beams in a single fiber.@S1063-651X~99!06208-X#

PACS number~s!: 42.81.Dp, 42.65.Tg
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I. INTRODUCTION

The discovery in 1973 that an optical soliton@1# on a
single wavelength beam can exist in fiber is one of the m
significant events since the perfection of low-loss optical
ber communication. This means that, in principle, data pu
may be transmitted in a fiber without degradation forev
This soliton discovery sets the ultimate goal for optical fib
communication on a single wavelength beam.

Another most significant event is the development
wavelength division multiplexed~WDM! transmission in a
single mode fiber@2#. This means that multiple beams o
different wavelengths, each carrying its own data load,
propagate simultaneously in a single mode fiber. This WD
technique provides dramatic increase in the bandwidth o
fiber. However, due to the presence of complex nonlin
interaction between copropagating pulses on different wa
length beams, it is no longer certain that WDM solitons c
exist.

The existence of solitons is a blissful event in nature. I
a marvel that the delicate balance between the disper
effect and the nonlinear effect can allow a specially sha
optical pulse to propagate in the fiber without degradati
This is called a temporal soliton@1#. It is an equal marvel
that the delicate balance between the diffraction effect
the nonlinear effect can also allow a specially shaped p
to propagate in a planar waveguide or array wavegui
without degradation. This is called a spatial soliton@3#. They
occur only on a single wavelength beam.

When beams with different wavelengths copropagate
single mode fiber, such as in the wavelength division mu
plexed case@2#, interaction of pulses on different beams v
the nonlinear cross phase modulation~CPM! effect ~the Kerr
effect! is usually instrumental in destroying the integrity
solitons on these wavelength multiplexed beams. Other
cent applications of CPM effect in fiber have been repor
@4#.

The purpose of this paper is to show that temporal s
tons can exist on WDM beams in a single fiber under app
priate conditions. The existence of these solitons critica
depends on the presence of the nonlinear cross phase m
lation effect of the WDM beams. Just as in the earlier sing
PRE 601063-651X/99/60~2!/2306~3!/$15.00
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beam soliton case, this discovery, sets the ultimate goal
optical fiber communication on WDM beams.

II. THE FUNDAMENTAL EQUATIONS

The fundamental equations governingM numbers of co-
propagating waves in a nonlinear fiber including the CP
phenomenon are the coupled nonlinear Schro¨dinger equa-
tions @5#:
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uAmu2DAj

~ j 51,2,3, . . . ,M !. ~1!

Here, for thej th wave,Aj (z,t) is the slowly varying ampli-
tude of the wave,vg j the group velocity,b2 j the dispersion
coefficient (b2 j5dvg j

21/dv), a j the absorption coefficient
and

g j5
n2v j

cAeff
~2!

is the nonlinear index coefficient withAeff as the effective
core area andn253.2310216cm2/W for silica fibers,v j is
the carrier frequency of thej th wave,c is the speed of light,
andz is the direction of propagation along the fiber.

Introducing the normalizing coefficients

t5
t2~z/vg1!

T0
,

d1 j5~vg12vg j!/vg1vg j ,
~3!

j5z/LD1 ,

LD15T0
2/ub21u,

and setting

uj~t,j!5@Aj~z,t !/AP0 j #exp~a jLD1j/2!, ~4!
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Lnlj51/~g j P0 j !,

LD j5T0
2/ub2 j u ~5!

gives

i
]uj

]j
5

sgn~b2 j !LD1

2LD j

]2uj

]t2 2 i
d1 j

T0
LD1

]uj

]t

2
LD1

Lnlj
S exp~2a jLD1j!uuj u2

12(
mÞ j

M

exp~2amLD1j!uumu2D uj

~ j 51,2,3, . . . ,M !. ~6!

Here,T0 is the pulse width,P0 j is the incident optical powe
of the j th beam, andd1 j , the walk-off parameter betwee
beam 1 and beamj, describes how fast a given pulse in bea
j passes through the pulse in beam 1. In other words,
walk-off length is

LW~1 j !5T0 /ud1 j u. ~7!

So, LW(1 j ) is the distance for which the faster moving pul
~say, in beamj! completely walked through the slower mo
ing pulse in beam 1. The nonlinear interaction between th
two optical pulses ceases to occur after a distanceLW(1 j ) .
For cross phase modulation to take effect significantly,
group-velocity mismatch must be held to near zero.

Finding the analytic solution of Eq.~6!, which is a set of
simultaneous coupled nonlinear Schro¨dinger equations, is a
formidable task. However, it may be solved numerically
the split-step Fourier method, which was used successf
earlier to solve the problem of beam propagation in comp
fiber structures, such as the fiber couplers, and to solve
thermal blooming problem for high energy laser beams@6#.
According to this method, the solutions may be advan
first using only the nonlinear part of the equations, and th
the solutions are allowed to advance using only the lin
part of Eq. ~6!. This forward stepping process is repeat
over and over again until the desired destination is reach
The Fourier transform is accomplished numerically via
well-known fast Fourier transform technique.

III. SOLITON ON A SINGLE BEAM

It is well known that, for an idealized fiber with no los
an optical soliton on a single wavelength beam takes
initial form @1,5#

u~0,t!5N sech~t!, ~8!

whereN is the soliton magnitude and

N25
LD

Lnl
. ~9!

It is also known that the single-beam soliton equation is
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Here, the dispersion lengthLD and the nonlinear lengthLnl
are defined earlier in Eq.~6!. In the case of anomalou
group-velocity dispersion~GVD! for a soliton, sgn(b2)5
21. For the fundamental soliton case,N51. This means that
when an initial pulse with pulse shape given by Eq.~8! with
an amplitude of unity is launched inside an ideal lossl
fiber, the pulse will retain its hyperbolic secant shape with
degradation for arbitrarily long distances. One notes that
delicate balance between the dispersion effect represente
LD and the nonlinear self-phase modulation effect rep
sented byLnl occurs atN51 for the fundamental soliton
The nonlinear effect on a pulse for a single wavelength be
is embodied inLnl , while the dispersion effect on the puls
is embodied inLD .

IV. SOLITONS ON WAVELENGTH DIVISION
MULTIPLEXED BEAMS

It is of interest to learn whether solitons exist on WD
beams in a fiber. Starting with an idealized fiber which
lossless~i.e., a j50 for all beams! and which possesses un
form group-velocity dispersion~i.e., vg j5vg for all beams!
within the wavelength range under investigation, the eq
tions governing the propagation characteristics of sig
pulses are

i
]uj

]j
52

1

2

]2uj

]t2 2
LD

Lnl

3S uuj u212(
mÞ j

M

uumu2D uj

~ j 51,2,3, . . . ,M !. ~11!

The anomalous GVD case in which sgn(b2j)521 is consid-
ered. It is seen from the above equation that the summa
term representing the cross phase modulation effect is tw
as effective as the self-phase modulation~SPM! effect for the
same intensity. This observation also provides the idea
cross phase modulation may be used in conjunction w
self-phase modulation on the WDM pulses to counteract
GVD effect, thus producing WDM solitons. Comparing th
bracketed terms in Eqs.~10! and ~11! shows that if one
chooses the correct amplitudes for the initial pulses on WD
beams and retains the hyperbolic secant pulse form, it m
be possible to construct a set of initial pulses which w
propagate in the same manner as the single soliton p
case, i.e., undistorted and without change in shape for a
trarily long distances. Let us choose the initial pulses as
lows:

uj~0,t!5@112~M21!#21/2sech~t! ~ j 51,2,3, . . . ,M !,

~12!

whereM is the number of WDM beams.
Using these initial pulse forms numerical simulation w

carried out to solve Eq.~11!. The split-step Fourier method
was used. The fiber parameters used for the simulation aL,
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length of fiber equal to 1000 km;b2 , dispersion coefficient
equal to22 ps2/km; g, nonlinear index coefficient, equal t
20 W21 km21; T0 , pulse width, equal to 10 ps;LD
550 km; and Lnl550 km. Four cases withM51,2,3,4
were treated. TheM51 case corresponds to the well-know
single soliton case; here, the amplitude for the fundame
soliton is 1. For the two-beam case, the amplitude
(3)21/250.577 35. For the three-beam case, it is (5)21/2

50.447 213 6. For the four-beam case, it is (7)21/2

50.377 964 47. It is noted that the amplitude of the fund
mental solitons on WDM multibeams becomes successiv
smaller as the number of beams is increased. This is bec
the nonlinear effect becomes more pronounced when m
beams are present. Numerical simulation shows that a
propagating 1000 km through this fiber the original pu
shape for all these WDM pulses remains unchanged. It t
appears that the initial forms chosen for the pulses on W
beams are the correct soliton forms for WDM beams.
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V. CONCLUSION

The existence of optical solitons on wavelength divisi
multiplexed beams in a fiber is not only of fundamental
terest but also has enormous implications in the field of
tical fiber communications. It is conceivable that multip
terabits of information can be sent through a single fiber
the bit-parallel wavelength division multiplexed format@2#
without degradation.
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