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previous values of 
n

izD , 
2/1

2/1

+

+

n

iyH  and 
2/1

2/1

+

−

n

iyH .

Finally the resulting 
1+n

izD  are substituted into Eq. (3)

to determine 
1+n

izE  under the Newton iterative

procedure:

   
])([

2)3(
0

1

1

><
∞

+

>+<

+
=

p
z

n

zp
z

Ex

D
E

χεε
,               (6)

where )3(χ  is the third-order susceptibility, p is zero or

positive integral, and n
z

p
z EE =  for 0=p .

  To investigate Bragg solitons in a one-dimensional
PBG medium, we consider a uniform FBG with the
relative material permittivity ,)()( 2xnx =∞ε where

      ).
2

cos( )( 0 Λ
∆+=

x
nnxn

π
                   (7)

Here 0n  is the linear refractive index at the central

wavelength of the electric field, n∆  is the magnitude
of the periodic index variations, and Λ  is the grating
period with respect to the Bragg wavelength Bλ  via

02/ nBλ=Λ . It is noticed that during the FD-TD

process, there is no constraint on the quantity of n∆
and the apodized profile of the grating. Thus the FD-TD
method is more suitable than the NLCMEs and the
NLSE model to investigate the dynamics of a nonlinear
pulse in a realistic rectangular waveguide grating or an
apodized FBG. Such nonuniform gratings have been
widely discussed for pulse compression and all-optical
delay line based on the mechanisms of the Bragg
soliton. Nevertheless, in the present paper, we focus our
attention on how an ultrashort pulse evolves in a
uniform FBG with Kerr nonlinearity, if the broad
spectrum of this ultrashort pulse overlaps the whole
forbidden band of the FBG.

Numerical results and discussions

-2 -1 1 2
DlHnm L0.2

0.4

0.6

0.8

1

R

Fig. 1. The reflectivity (solid curve) of the uniform FBG and the
broadband spectrum (dotted curve) of the incident pulse as functions
of the wavelength detuning 

Bλλλ −=∆  from the exact Bragg

resonance.

  The solid curve in Fig.1 shows the reflectivity
)( λ∆R  of the uniform FBG in our simulation.  The

linear refractive index of this FBG is 5.10 =n  and the

index variation is 4109 −×=∆n . The central
wavelength of this reflectivity is mB µλ 55.1= . The

dotted curve in Fig.1 shows the spectrum of the adopted
incident pulse with a hyperbolic-secant pulse shape
initially. The full width at half maximum (FWHM) of
this pulse is assumed to be psT f 28.5= ; likewise the

central wavelength of this incident pulse is located at
mµλ 5492.10 = . Both of the FBG reflectivity and the

pulse spectrum are shown as functions of the Bragg
wavelength detuning Bλλλ −=∆ . Furthermore, the

range with 1)( =∆λR  exhibits the forbidden band of

such a PBG structure. It is obviously that the initial
pulse spectrum exceeds the PBG edge and even
overlaps the whole forbidden band. We emphasize that
because of the low-intensity limit for Bragg solitons,
the previously demonstrated experiments and
simulations have not yet clarified the existence of a
nonlinear pulse with such a broadband spectrum. We
use FD-TD method to examine the dynamics of this
nonlinear ultrashort pulse beyond the low-intensity
limit. By choosing a uniform FD-TD space resolution

x∆ =50 nm , the numerical phase error is limited to
about 5106.3 −× , which is much smaller than the
dispersion due to the PBG structure. Figure 2 shows the

Fig. 2. Monitoring the propagation of a low-amplitude pulse in the
fiber grating. The FD-TD method gives the snapshot of the
propagating pulse at (1) t=15 ps, (2) t=60 ps, (3) t=105 ps, and (4)
t=150 ps.
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evolution of the incident pulse with low peak power
WP 12104.1 −×=  propagating through the FBG. The

Kerr coefficient of this FBG is 113100.2 −−−×= Wmγ

and the grating length is mmL 38= . After the initial
pulse is put into this FBG, Fig. 2(a), 2(b), 2(c) and 2(d)
show the pulse shapes at pst 15= , pst 60= ,

pst 105= , and pst 150= , respectively. One can see

that the shapes of this pulse are asymmetrically
broadened as a consequence of its broadband spectrum.
The evolution of the peak power and the spatial width
of the pulse versus the propagating distance are shown
in Fig. 3.

Fig. 3. (a) Peak power and (b) spatial pulse width of the low-
amplitude pulse versus the propagating distance.

During the propagation, the pulse undergoes the large
quadratic grating dispersion. Such a large dispersion is
produced by the interference among the multi-layers of
the grating. To balance this quadratic grating dispersion,
we have to increase the peak power of the initial pulse.

Fig. 4. Monitoring the propagation of the soliton-like pulse in the
FBG. The FD-TD method gives the snapshot of the propagating pulse
at (1) t=15 ps, (2) t=60 ps, (3) t=105 ps, and (4) t=150 ps.

  Fig. 4 shows the evolution of the nonlinear ultrashort
pulse with peak power WP 5104.1 ×= . Figure 4(a),
4(b), 4(c) and 4(d) represent the pulse shapes at

pst 15= , pst 60= , pst 105= , and pst 150= ,

respectively. It is shown that the peak power and the
pulse width are almost unchanged during the
propagation. Hence the balance between the
nonlinearity and the quadratic grating dispersion leads
to a soliton-like pulse. Figure 5 explicitly shows the
evolution of the peak power and the spatial width
versus the propagating distance. The numerical results
show that the incident hyperbolic-secant pulse becomes
quasi-stable. The pulse adjusts  its amplitude and
duration periodically because of the interaction between
the nonlinearity and the quadratic grating dispersion.
The soliton periodic sL  for such a solitary wave can be

defined by the nonlinear length nlL  via

)2/(2/ PLL nls ⋅== γππ . Therefore  the soliton-like

wave propagates about 16.7 soliton periods.

Fig. 5. ( a) Peak power and (b) spatial pulse width of the soliton-like
pulse versus the propagating distance. It is shown that the pulse
adjusts its amplitude and duration periodically because of the
interaction between the nonlinearity and the quadratic grating
dispersion.

Another notable characteristic of this solitary wave is
its propagating delay with respect to the propagating
time of the light in an unprocessed fiber. For the above
hyperbolic-secant pulse with carrier frequency

mµλ 5492.10 = , the delay after propagating through the

grating with length mmL 38= is 42ps. This delay
corresponds to the soliton’s group velocity as low as
72% of the light speed in an unprocessed fiber. The
group velocity of our adopted ultrashort pulse is very
close to that of the Bragg solitons demonstrated
previously in the experiment [8]. Figure 6 further
displays the time delay versus the carrier wavelength of
the ultrashort Bragg soliton. One can see that the delay
is linearly proportional to the Bragg detuning
wavelength. Note that both of the NLCMEs and the
NLSE model cannot predict such a relation between the
time delay and the carrier wavelength detuning of an
ultrashort Bragg soliton. Consequently, it would be
useful to apply the FD-TD method to estimate the group
velocity of an ultrashort Bragg soliton, especially for
designing an all-optical buffer in practical high-speed
communication systems.
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Fig. 6. Time delay versus different carried wavelength of the
ultrashort Bragg soliton.

Conclusion
  We have applied the FD-TD method to investigate
the nonlinear ultrashort pulse in a fiber Bragg grating.
The FD-TD method can directly simulate Maxwell’s
equation and inherently computes the bi-directional
electromagnetic field without using any approximation.
As a result, our study numerically confirms that the
existence of a Bragg soliton is not constrained by the
low-intensity limit. An ultrashort Bragg soliton still
could propagate through a nonlinear PBG structure,
even if its broadband spectrum overlaps the forbidden
gap of the PBG medium. The propagating dynamics
which have not yet been clarified by the NLCMEs and
the NLSE model are explicitly shown on the basis of
the FD-TD method. Furthermore, the FD-TD method
shows that the time delay of an ultrashort Bragg soliton
is linearly proportional to the Bragg detuning
wavelength. It would be useful to apply the FD-TD
method to design an all-optical delay line in a realistic
high-speed telecommunication system.
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