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Pulse compression using fiber gratings as highly
dispersive nonlinear elements
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Pulse compressors rely on two separate sections. The first section is for bandwidth generation through self-
phase modulation and chirp linearization through normal dispersion. In conventional compressors this first
section consists of a normal dispersion fiber of appropriate length. The second section is for compensating this
linear chirp through anomalous dispersion, typically a prism pair or grating pair. In this way a transform-
limited input pulse is compressed into an almost-transform-limited pulse. This scheme is quite different from
chirped fiber gratings that are used in reflection to compensate existing chirp: no extra bandwidth is gener-
ated and nonlinear effects are not necessary. We propose a scheme for optical pulse compression utilizing an
apodized fiber grating in transmission as the nonlinear dispersive element for the first section of the compres-
sor. Near the band edge, on the long-wavelength side of the stop band of the grating, the normal quadratic
dispersion is orders of magnitude greater than in a standard optical fiber. Therefore the first section of the
compressor may be scaled down in length and the constraints placed on these systems may be relaxed. In this
paper we discuss the limitations and the design of such fiber-grating compressors. Analysis and numerical
simulation show efficient pulse compression. Further numerical simulation reveals that sufficiently far from
the band edge the fiber grating can be modeled as an effective homogeneous medium obeying the nonlinear
Schrödinger equation. © 1998 Optical Society of America [S0740-3224(98)01502-1]

OCIS codes: 050.2770, 320.5520, 190.0190, 320.0320.
1. INTRODUCTION
Short-pulse propagation in optical fiber in the near-
infrared (IR) spectral region is governed mainly by self-
phase modulation (SPM) via the Kerr effect and group-
velocity dispersion (GVD). The relative strength of these
effects is typically given by a characteristic length scale,
namely, the dispersion length LD and the nonlinear
length LNL , defined as follows1:

LD 5
t0

2

s2b9
,

LNL 5
lAeff

2pn2P
, (1)

here t0 is the full width at half-maximum (FWHM) pulse
width, b9 5 d2b/dv2 is the GVD of the fiber, s2 is a nu-
merical factor that depends on the pulse shape (2.77 for
Gaussian and 3.11 for hyperbolic secant), l is the wave-
length, Aeff is the effective mode area, n2 is the nonlinear
index, and P is the peak power of the pulse. The inter-
play of SPM and GVD leads to important pulse shaping in
the fiber: for negative (or anomalous) GVD, soliton ef-
fects dominate the pulse evolution. In the positive (or
normal) dispersion regime the combined effects of SPM
and GVD broaden the pulse spectrum, square the pulse,
and produce linear chirp across the entire pulse width,
which may then be compensated by a negative dispersion
element. Both of these schemes have been used for pulse
compression; however, we will discuss mainly the latter
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scheme (similar conclusions will apply to soliton compres-
sion and can easily be derived).

Compressing a transform-limited pulse requires spec-
tral broadening, which is achieved by use of SPM; how-
ever, pure SPM (for nonlinear phase shifts of a few p)
leads to nulls in the pulse spectrum. These nulls cannot
be removed by a linear system, and for this reason both
SPM and GVD are required in order to achieve the goal of
producing compressed pulses close to the transform limit
(i.e., of high quality both in the time and the spectral do-
mains). As will be shown, the compression schemes con-
sidered here that approach this ideal compression require
lengths of fiber that are proportional to the geometric
mean of LD and LNL . Since from Eqs. (1) LD } t0

2 and
LNL } t0 (for fixed pulse energy), the ideal length of the
fiber scales as L } t0

3/2; i.e., longer pulses require longer
lengths of fiber for efficient compression. In addition, the
intrinsic fiber dispersion in standard fiber is very small
(usually of the order of 10 ps2/km in the IR region), lead-
ing to very long dispersion lengths. This implies that, for
long input pulses propagating in a standard fiber com-
pressor, the fiber will have to be very long for ideal com-
pression. In this case the peak power has to be scaled
down to avoid exceeding the threshold for stimulated Ra-
man scattering, which is detrimental to compression.
For example, if the pulse is 10 ps long with a center wave-
length of 1.5 mm and propagates in standard fiber, the
dispersion length is approximately 5 km. For a pulse en-
ergy of 1 nJ, the nonlinear length is approximately 0.5 m,
and in this case the Raman threshold is exceeded and a
1998 Optical Society of America
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good compressor is not feasible. Therefore in order to ob-
serve nonlinear pulse shaping for pulsewidths of the or-
der of 10–100 ps (e.g., from mode-locked Nd:YAG or semi-
conductor lasers), in short lengths of fiber, a highly
dispersive fiber element is required. Such an element is
a fiber grating, where the wavelength of operation is just
outside the stopband (photonic gap).

It was pointed out recently that fiber gratings have
very large GVD close to the grating stop band.2–4 This is
a direct consequence of the Kramers–Krönig relations:
since the grating constitutes a sharp resonance, it is ac-
companied by strong dispersion. Viewed in another way,
the multiple reflections in the grating introduce a time
delay that is highly frequency dependent. By operating
just outside the stop band, the grating is used in trans-
mission (the passband) and by apodizing the grating, the
ripples in the amplitude response can be eliminated. It
was shown in Ref. 2 that in typical fiber gratings the GVD
could be up to six orders of magnitudes larger than the
plain fiber GVD. Obviously this very high dispersion is
limited to approximately the bandwidth of the stop band.3

This increase in GVD reduces the dispersion length from
tens of kilometers to a few centimeters. Nonlinear pulse
propagation of picosecond pulses in 5-cm-long fiber grat-
ings was recently demonstrated.4 In these experiments
the anomalous dispersion of the gratings was used to
study soliton effects in gratings. In this paper we gener-
alize the discussion to include fiber gratings as nonlinear
elements with large normal dispersion for applications
such as pulse compression (in contrast to previous
schemes using only the linear properties of gratings for
chirp compensation).

The aim of this paper is to show that efficient pulse
compression of picosecond pulses may be achieved by use
of very short lengths of fiber with appropriate fiber grat-
ings to produce square pulses with linear chirp across
them. These pulses may then be compressed by a linear
system with anomalous GVD such as a prism pair, grat-
ing pair, or fiber grating device (see Fig. 1). In Section 2
we will review pulse compression based on normal GVD
and SPM in a nonlinear dispersive medium followed by a
linear dispersive element with anomalous GVD. In Sec-
tion 3 we will discuss the dispersion characteristics of a
grating operating outside the stopband and the implica-
tions of the nonnegligible third-order dispersion for pulse
compression. In Section 4 we discuss fiber-grating de-
sign issues as well as some fundamental limits inherent
in this technique. In Section 5 we show the results of nu-
merical simulations.

Fig. 1. Schematic drawing of a compressor. The first section
generates bandwidth and linear chirp, and the second section
compensates this chirp. Ideally the result is an almost-
transform-limited compressed pulse.
2. PRINCIPLE OF PULSE COMPRESSION
Pulse compression is typically achieved in one of two
ways1: (1) soliton compression and (2) fiber-grating or
fiber-prism compression. The latter method is usually
preferred since it yields cleaner compressed pulses,
whereas soliton compression is typically accompanied by
pedestals on the compressed pulse.1 As discussed ear-
lier, we will examine the latter method. In this scheme
first proposed by Tomlinson,5 a fiber with positive disper-
sion is used to broaden the pulse spectrum and generate a
square intensity profile with very linear chirp across the
pulse. SPM generates new frequencies and broadens the
pulse spectrum, and the GVD linearizes the chirp and
squares the pulse. The linear chirp can then be compen-
sated by a dispersive element with negative dispersion
(such as a grating pair, prism pair, or a chirped fiber grat-
ing operating in reflection6), producing a nearly-
transform-limited compressed pulse. This technique was
applied successfully to produce some of the shortest opti-
cal pulses.7 It should be stressed that this method relies
on nonlinear effects and spectral broadening, which is in
contrast to simple chirp compensation by devices such as
chirped gratings. These chirp compensators are linear
systems (similar to the second section in our compressor)
that do not generate new bandwidth. In the following
analysis we will assume linearly polarized pulses and ne-
glect linear and nonlinear birefringence effects.

The pulse-compression technique is governed by two
important parameters1:

N 5 A LD

LNL
,

zopt ' A6LDLNL for N @ 1. (2)

The length zopt is the optimum length of the fiber (if z
, zopt , the chirp is not linearized yet, and for z . zopt the
GVD-induced pulse broadening and corresponding reduc-
tion in peak intensity leads to SPM losing its effective-
ness), and the best compression results are achieved with
a fiber length z 5 zopt . In this case, Fc , the compression
factor, is related to N through N ' 1.6 Fc .

Once the linearly chirped square pulse emerges from
the fiber, it needs to have its chirp compensated by an
anomalous dispersion element, typically, a grating pair or
prism pair, both of which have very small higher-order
dispersion and no associated nonlinearity. However, if
the nonlinearity is small enough or the peak power is low
enough (such that L ! LNL), then a fiber grating may be
used since it has anomalous GVD on the short wave-
length side of the stopband. It should be emphasized
that the nonlinear part of the compressor gives these
ideal results when only GVD and SPM are present, i.e.,
when there is no higher-order dispersion or higher-order
nonlinearities. The linear section of the compressor ide-
ally has only negative GVD.

A limiting factor in standard fiber compressors is the
threshold for stimulated Raman scattering1 (SRS). This
threshold scales with peak intensity and fiber length;
once the threshold is reached, pulse compression de-
grades significantly. In picosecond duration experiments
this usually means using fiber lengths much shorter than
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the optimum length (L ! zopt). In this regime an ap-
proximate expression for the compression ratio is given
by5

Fc ' 1 1 0.6~N2L/LD!. (3)

This compression factor can be much less than the com-
pression achieved with the optimum fiber length.

3. DISPERSION OF FIBER GRATINGS
As was pointed out in the introduction, long lengths of fi-
ber are needed for picosecond pulse compression because
of the relatively small fiber dispersion in the near IR. A
fiber grating operating in the passband but close to the
stop band acts as a highly dispersive element, with a
second-order dispersion given by2

bg9 5 2S n

c D 2 1

d

~k/d!2

@1 2 ~k/d!2#3/2 , (4)

where n is the linear refractive index, c is the speed of
light, and k 5 pDnh/lB is the grating coupling coeffi-
cient with Dn the index modulation depth, h the fraction
of the energy in the fiber core and lB the Bragg wave-
length. d 5 (n/c)(v 2 vB) is the detuning parameter
with vB the Bragg frequency. The detuning is positive
on the short-wavelength side and negative on the long
wavelength, where the GVD is positive. Since we are
considering only positive GVD, the detuning will always
be negative. To avoid confusion in the following discus-
sion, we will deal with the absolute value of d rather than
d itself.

Close to the band edge (d 5 k), higher-order dispersion
terms cannot be neglected; the cubic dispersion, which is
the next coefficient in the Taylor series expansion of the
phase (or propagation constant), is given by

bg- 5 3S n

c D 3 1

d2

~k/d!2

@1 2 ~k/d!2#5/2 . (5)

For efficient pulse compression this cubic term must be
minimized. To compare the relative importance of the
second- and third-order dispersion, a figure of merit may
be defined as follows1,2:

M 5
bg-

bg9t0
5 3

n

ct0

1

udu

1

1 2 ~k/d!2 . (6)

For a given pulse width and grating strength (character-
ized by k), the above relation will yield the detuning re-
quired to achieve a certain M. Note that this definition
of M differs from the definition of M3 in Ref. 2, by a factor
of approximately 1.2.

To demonstrate the effect of third-order dispersion on
compression, we add a small amount of cubic dispersion
to an ideal compressor (which contains only GVD and
SPM) and simulate a 70-ps transform-limited Gaussian
input pulse propagating in a homogeneous medium with
GVD, SPM, and cubic dispersion. Figure 2 shows the re-
sults of this simulation for three values of the M param-
eter introduced earlier. M 5 0 represents the ideal case
of no cubic dispersion, and M 5 0.1 and 0.05 are also
shown (as a point of reference: for standard fiber with
the same input pulse M 5 7 3 1025). As can be seen,
third-order dispersion introduces pulse asymmetry as
well as structure on the leading edge, which will cause
some trailing energy on the compressed pulse. A reason-
able M value is therefore ,0.05. As an example, we con-
sider a pulse width of 70 ps and a grating strength of k
5 100 cm21 (corresponding to a Dn 5 0.004, lB
5 1.06 mm, and h 5 80%); using M 5 0.05 in Eq. (6)
yields a detuning parameter of 123 cm21 (which corre-
sponds to a 1.5-nm shift relative to the Bragg wave-
length). We can now use Eq. (4) to calculate the second-
order dispersion and we get b9 5 64 ps2/cm, which is
about 3 3 105 larger than standard fiber at this wave-
length. This in turn means that the dispersion length is
scaled down from kilometers to centimeters.

We emphasize the following points: (1) The above re-
lations are for a grating operating in transmission (i.e., in
the passband). (2) This dispersive behavior of the grat-
ing outside the stop band is similar to the strong disper-
sion found near any sharp resonance. (3) It is clear that
because of the proximity of the resonance, very high dis-
persion may be achieved relative to the material disper-
sion of fiber, which is the result of very far resonances.
(4) In order to avoid complications resulting from the side
lobes in the grating response, apodization of the grating
may be used to remove these side lobes. (5) The disper-
sion at the wavelength of operation may be tuned to some
extent by applying heat or strain to the grating, which
changes the linear index and therefore the detuning pa-
rameter and the dispersion. These properties show the
fiber grating to be a very versatile and useful dispersive
element. We next discuss the application of such a fiber
grating for picosecond pulse compression.

4. PULSE-COMPRESSION DESIGN
The general design criteria are limited by two factors:
the peak intensity and the higher-order dispersion. High
peak intensity is detrimental because it leads to (1) SRS,
(2) shifting of the Bragg resonance (similar to the optical

Fig. 2. Effect of cubic dispersion on the compressor perfor-
mance. M is a measure of the relative magnitude of quadratic
and cubic dispersion (see text). This simulation assumes a
70-ps Gaussian pulse of 170-GW/cm2 peak intensity propagating
in a 10-cm homogeneous medium with b2 5 50 ps2/cm and b3
5 0, b3 5 175, and b3 5 350 ps3/cm for M 5 0, M 5 0.05, and
M 5 0.1, respectively.
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Stark effect) and to an intensity-dependent dispersion
close to the stop band, and (3) truncation of the initial
pulse spectrum that gets broadened by SPM: if the
broadening is larger than the detuning parameter, the
spectrum will get clipped by the grating. Finally, higher-
order dispersion leads to pulse distortion as shown ear-
lier; however, if this higher-order dispersion is also com-
pensated by the compensating section, this may not be a
problem. We now examine the limits imposed by these
different effects on the design of the fiber grating.

The threshold for SRS dictates an upper limit on the
product of peak power and fiber length as follows1:

gRPLeff

Aeff
, 16 ⇒ PL ,

16Aeff

gR
, (7)

where gR is the Raman gain coefficient at the wavelength
of operation and Leff is the effective length limited by loss.
In our case the lengths of interest are such that Leff
' L. This leads to a lower limit on the nonlinear length
defined in Eq. (1):

LNL .
gRl

32pn2
L. (8)

The limit expressed in relation (8) is a general limit for
this type of compressor and therefore is not related to the
grating parameters. The next two limits to be discussed
are specific to fiber gratings: (1) an intensity-dependent
shift of the Bragg resonance leading to nonlinear disper-
sion. As is shown in the appendix, for k ! d0 , LNLd0
! 1 is required to minimize this effect (here d0 is the low-
intensity detuning parameter).

The last limitation imposed by the peak intensity is
due to SPM-induced spectral broadening of the input
pulse spectrum. This broadening factor will be approxi-
mately Fc , since this is the intended purpose of the com-
pressor. We now have to ensure that this spectrum does
not overlap the reflection spectrum of the grating, since
this would cause the spectrum to be clipped. The input
bandwidth (FWHM) of a transform-limited Gaussian
pulse of width (FWHM) t0 is given by Dn 5 0.441/t0 , and
the output spectral bandwidth is approximately 0.441
Fc /t0 . Half of this spectral bandwidth must be smaller
than the spectral distance from the band edge (udu 5 k):

udu 2 k .
2pn

c
0.22

Fc

t0
5 1.39

n
ct0

Fc 5
1.39

l
Fc , (9)

where l is the spatial length of the pulse in the fiber at
the input of the grating.

Finally we consider a purely linear property of the grat-
ing, namely, the higher-order dispersion. As shown ear-
lier, this limitation comes from the figure of merit M.
Using Eq. (6), we get a lower limit on the detuning param-
eter (given the grating strength):

udu .
3n

2Mt0c
1 F S 3n

2Mt0c D 2

1 k2G1/2

, (10)

which in turn will put an upper limit on the GVD. If we
define dc as the limiting value above, the upper limit on
the GVD can be written as
b9 , S n
c D 1/2S Mt0

3dc
D 3/2

k2. (11)

We can now place a lower limit on the dispersion length
by using its definition [Eq. (1)]:

LD . S c

n D 1/2S 3dc

M D 3/2 At0

k2s2 . (12)

Since the compression factor scales with N, it is clear
that for maximum compression we would like to operate
at the lower limit of the nonlinear length and at the same
time maximize the dispersion length. However, by in-
creasing the dispersion length, the optimum length will
increase, and we are limited by the grating lengths that
are technologically feasible. A good measure would be
the ratio of the optimum length [as defined in Eq. (2)] and
the grating length L:

q [
zopt

L
' F6S LD

L D S LNL

L D G1/2

. (13)

The SRS-imposed limit is the strictest one since it in-
volves only material parameters and the wavelength of
operation (the other intensity-dependent limitations may
be avoided by careful grating design). In this case, q will
be determined by the normalized dispersion length LD /L
and will increase with a square-root dependence. Since
ideally we would like q 5 1, this will put an upper limit
on the dispersion length. In particular for q @ 1, the
compression factor is given approximately by 1
1 0.6N2(L/LD) rather than N/1.6. We will therefore re-
strict ourselves to q values not much larger than 1, and
using Eq. (13) with the definition of the compression fac-
tor Fc , we can finally write an absolute upper limit for
the compression ratio:

Fc '
N
1.6

5
q

1.6A6

32pn2

lgR
5 25.65q

n2

lgR
. (14)

Note that the above relation holds for this type of com-
pression in general and does not contain any grating pa-
rameters. Ideally we would like to design a grating that
achieves this compression ratio and that has a reasonable
length.

5. NUMERICAL EXAMPLES
We now look at the parameters required for pulse com-
pression of a 60-ps Gaussian pulse with a center wave-
length of 1.06 mm. At this wavelength the measured
value of the Raman gain (at l 5 1 mm) is gR
5 10211 cm/W and n2 5 2.6 3 10216 cm2/W, so for q
5 1 the upper limit on the compression factor as given by
Eq. (14) is ;6.3. We will outline the design parameters
for a grating that will enable a compression of Fc ' 5. It
has been demonstrated experimentally8 that the Raman
threshold for a 60-ps pulse at 1.06 mm propagating
through 10 m of fiber is ;1 kW, so for grating lengths of
up to 1 m an input peak power of 10 kW may be used.
The corresponding nonlinear length (for an effective mode
area of 50 mm2) is LNL 5 3.2 cm, which may be used as a
lower limit. In order to get a compression factor of 5, we
use LD 5 207.4 cm (with a corresponding GVD of
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6.3 ps2/cm) and an optimum length of 63.5 cm. By choos-
ing the detuning d 5 280 cm21 and the grating strength
k 5 32.4 cm21, we get an M parameter of 0.04 (with a cu-
bic dispersion term of 13.6 ps3/cm). It can easily be veri-
fied that all these numbers are within the limits outlined
in the previous section. Recently, 1-m-long gratings have
been demonstrated,9 so that a 63.5-cm grating is feasible.
A shorter grating of 20 cm will degrade the compression
factor by less than 10%.

Using these parameters, we simulated numerically the
propagation in two different ways: (1) a full numerical
solution of the nonlinear coupled equations for the
apodized grating10 and (2) a split-step Fourier method
through a homogeneous medium with the above material
parameters. In both cases we look at the output pulse
before the compensating section. In Figs. 3(a) and 3(b)
we show the input and output pulses, respectively, in the
time and frequency domains, and in Fig. 3(c) we show the
pulse and the chirp across it just before the compensating
section. As can be seen, the compressed pulse has some
residual trailing energy in the time domain and a small
ripple in its spectrum (both consequences of the small
third-order dispersion) but is still of reasonably high qual-
ity. In this case we used the simpler split-step routine.
Figure 4 compares the results of the two different simu-
lation methods using the same parameters but with a
grating length of 20 cm. Figure 4(a) shows the intensity
profile of the pulse before the dispersion compensating

Fig. 3. (a) Input 60-ps transform-limited Gaussian pulse of
20-GW/cm2 peak intensity and the final compressed pulse. (b)
The corresponding spectra; the location and width of the stop
band are indicated by the hatched region. (c) The pulse and its
chirp after propagating through 63.5 cm of a homogeneous me-
dium with b2 5 6.3 ps2/cm and b3 5 13.6 ps3/cm.
section, and Fig. 4(b) shows the resulting compressed
pulse at the output of the system with a compression fac-
tor of 4.6.

The close agreement between the two simulation meth-
ods demonstrates that far from the stop band, the grating
may be viewed as an effective homogeneous nonlinear dis-
persive medium to which the nonlinear Schrödinger equa-
tion may be applied. This is a significant simplification
for numerical calculations since the split-step Fourier
method is simpler to implement and is much faster. This
nonlinear Schrödinger approximation is valid when the
pulse is far enough in spectrum from the gap such that
their interaction is small. This may be quantified by the
spectral bandwidth (i.e., the pulse spectrum should be a
few bandwidths away from the edge of the gap) and the
peak intensity (dLNL @ 1; see appendix).

6. CONCLUSIONS
In this paper we have introduced a fiber grating as a
highly dispersive nonlinear element for use in a fiber com-
pressor. Previous schemes using gratings mainly in re-
flection were used for chirp compensation (the initial and
final pulse have the same bandwidth) and therefore as
linear elements. In other words they can be used only for
the second section of the compressor described in this pa-
per.

The main ingredient in the scheme we propose is the
very large normal dispersion achievable in the passband
of fiber gratings on the long-wavelength side of the stop-

Fig. 4. Comparison of simulation results using the split-step
Fourier method (dashed curve) and the full nonlinear coupled-
mode equations for gratings (solid curve), for (a) the pulse inten-
sity profile before and (b) after the dispersion-compensating sec-
tion.
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band edge. This scheme becomes particularly appealing
for the compression of 10–100 ps, since very long optical
fibers may be replaced with very short apodized fiber
gratings. We have presented analysis of the limitations
placed on this system mainly by higher-order dispersion
terms and high peak intensities. Numerical simulations
show the performance predicted by analysis as well as the
close agreement between the results of the full nonlinear
coupled-mode equations and the simple split-step Fourier
propagation scheme with the grating modeled as an effec-
tive homogeneous medium. This indicates that far
enough from the band edge the nonlinear Schrödinger
equation may be used with the dispersion terms given by
Eqs. (4) and (5).

The second part of the compressor is a linear system
that performs chirp compensation and could also be done
with a fiber grating (uniform or chirped) either in trans-
mission (on the short-wavelength side of the stop
band)2,11 or in reflection.6 In this section, nonlinear ef-
fects need to be negligible, and therefore the intensity of
the pulse emerging from the first section would need to be
attenuated. This, of course, is unnecessary when prism
or grating pairs are used. Recently, however, gratings in
chalcogenide fibers have been reported.12 These fibers
have a very large nonlinear index in the near IR (up to
100 times that of silica at similar wavelengths), which in
turn would require much lower intensities. This sug-
gests an all-fiber compressor where the first section would
be a chalcogenide fiber grating and the second section
would be a standard fiber grating (in which the nonlinear
effects would be negligible because of the scaled-down in-
tensities in the chalcogenide fiber). Note also that for
chalcogenide fiber the upper limit on compression given
by Eq. (14) would be much higher (assuming the Raman
gain is similar).

Finally, we note that for the compression of very short
pulses this scheme holds no advantages over standard fi-
ber. The reason for this is the scaling of the ideal length
with pulse width, which, as was mentioned earlier, is t0

3/2

for fixed pulse energy. This means that going from an
initial pulse width of 100 ps to 1 ps, the ideal fiber length
decreases by a factor of 1000 to a length of only a few
meters, avoiding SRS and making a plain fiber more prac-
tical. Also, the increase in pulse bandwidth will require
operation further from the band edge to achieve a given
M value, which will lead to a larger dispersion length and
a longer grating.

APPENDIX A
In this appendix we analyze the effects of nonlinear dis-
persion that results from intensity-dependent shifts in
the Bragg wavelength, lB 5 2nL, where L is the grating
periodicity and n is the effective linear index. To first or-
der in intensity, the grating strength k is intensity inde-
pendent, since it is proportional to Dn/n (rather than n).
In other words, to this order, the stop-band width does not
change (only its position changes). Through the change
in the Bragg wavelength the detuning parameter d
changes as follows:
d~I ! 5 pS 2n
l

1
2n2I

l
2

1
L D 5 d0 1

2pn2I
l

, (15)

where d0 is the linear or intensity-independent detuning.
Both the second- and third-order dispersion depend on
the refractive index and on the detuning parameter and
are therefore intensity dependent. To first order in in-
tensity, the second- and third-order dispersion are given
by

b9~I !

b9~0 !
5 1 2

2p

l
n2 I

1

d0

3

1 2 ~k/d0!2

5 1 2
1

LNLd0

3

1 2 ~k/d0!2 ,

b-~I !

b-~0 !
5 1 2

2p

l
n2 I

1

d0

4 1 ~k/d0!2

1 2 ~k/d0!2

5 1 2
1

LNLd0

4 1 ~k/d0!2

1 2 ~k/d0!2 . (16)

From the above relations it is obvious that in order to
minimize the effects of nonlinear dispersion we need to
maximize the product LNLd0 , which means increasing the
detuning or decreasing the intensity so that the intensity-
dependent correction is negligible (say ,1%).
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