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Nonlinear optical pulse compression of picosecond pulses typically requires long lengths
of optical fiber and multiple components. Periodic structures, such as fiber Bragg gratings,
are highly dispersive at wavelengths outside of the photonic bandgap. This implies that
such gratings can be used as very short all-fiber compressors. In this paper a number of
such compression schemes are reviewed involving uniform and nonuniform fiber Bragg
gratings, relying on both soliton and nonsoliton compression principles. Experimental
results supporting the corresponding underlying theory are also presented. Finally, an
extension of one of the compression schemes is shown, which allows the generation of
adjustable high-repetition rate soliton trains.

Keywords: optical pulse compression, fiber gratings, nonlinear optics, photonic
bandgap structure, optical solitons, gap solitons, Bragg solitons

Sources that generate ultrashort optical pulses are valuable tools when experimentalists
require femtosecond and picosecond time resolution, high peak powers, or large optical band-
widths [1]. Moreover, in telecommunication applications, pulses with shorter duration are
needed as the per-channel capacity of communication systems increases beyond 100 Gb/s. At
present, there are no electronic techniques that can produce 100 Gb/s electrical pulses, so short
pulse optical sources are becoming a key technology. These optical sources require optical
pulse compressors to achieve a wide range of funtionality. They can reduce the pulse duration
and increase the spectral bandwidth; they can generate pulse trains with adjustable repetition
rate control; and when used in conjunction with optical regenerative amplifiers they can result
in higher energy short pulses.
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One such class of devices relies on the interaction of the Kerr nonlinearity and quadratic
dispersion. These devices are inherently nonlinear and generate new bandwidth, an effect that
purely linear devices are incapable of doing. This property, in turn, allows for the compression
of transform-limited pulses into shorter transform-limited pulses; this should be contrasted
with dispersion compensation devices, which recompress chirped pulses (i.e., not transform
limited) into shorter pulses [2]. Furthermore, the interplay of self-phase modulation (SPM)
with group velocity dispersion (GVD) can lead to solitons [3], which form the basis of vari-
ous pulse compression and pulse generation schemes. These soliton and nonsoliton tech-
niques are well-established, and have been used for many years [1]. Typically, the Kerr
nonlinearity of optical fiber is used in conjunction with dispersion supplied by bulk devices,
such as diffraction gratings, prisms, or an additional piece of fiber; in the case of optical soli-
tons, the GVD and nonlinearity occur simultaneously in the optical fiber [1, 4].

In one scheme, first proposed by Tomlinson et al. [5], referred to here as a Tomlinson
compressor, a fiber with positive dispersion, imposes a nearly linear, positive chirp on a pulse
through the combined effect of SPM and positive GVD. In other words, SPM occurring in the
optical fiber generates new frequencies in the pulse spectrum, and simultaneously the GVD
linearizes the chirp and squares the pulse. The linear chirp on the pulse can then be compen-
sated for by another dispersive element with negative GVD, such as a grating pair or a prism
pair [5, 6], producing a nearly transform limited compressed pulse. This technique has been
applied successfully to produce some of the shortest optical pulses reported [6].

Several pulse compression schemes have also been proposed that are based on soliton
propagation, and in particular, rely on the robust nature of optical solitons. Mollenauer et al.
[3] first proposed the soliton-effect compressor, which consists simply of a single piece of
fiber with negative dispersion, whose length is suitably chosen. A transform limited pulse with
appropriate peak intensity, propagating in this fiber, is compressed through the interplay
between SPM and GVD [3, 4]. The compression is due to an initial narrowing phase that
occurs during the evolution of a higher order soliton, before the initial soliton shape is restored
after one soliton period [7]. The degree of compression is quite large although the compressed
pulse is accompanied by a pedestal.

By varying the GVD along the direction of propagation in an optical fiber, Chernikov and
Mamyshev have demonstrated the manipulation of a fundamental soliton resulting in adiabatic
soliton compression of a transform limited pulse [8]. Adiabatic soliton compressors typically
use a dispersion profile with monotonically decreasing GVD along the propagation direction.
If the dispersion varies slowly enough, the soliton self-adjusts to maintain balance between
GVD and nonlinearity, reducing its pulse width—hence the term adiabatic compression. This
compression scheme is attractive because it inherently maintains the transform-limited char-
acteristics of the pulse as it compresses, resulting in a clean pulse and avoiding any requirement
for bulk optics. However, it can often require a complicated dispersion profile, requiring the
splicing of different fiber sections or the addition of fiber with a tapered core.

In these various compression schemes, the relative strength of nonlinear and dispersive
effects, which govern the compressor design, are given by characteristic length scales—
namely, the dispersion length LD and the nonlinear length LNL, defined as follows [4]:

(1)LN L 5
k Aeff

2 p n2P
.

LD 5
r 0

2

s2
b 2

384 B. J. Eggleton et al.
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Here, t 0 is the full width at half maximum (FWHM); b 2 = d 2 b /dv 2 is the GVD of the fiber; s2

is a numerical factor that depends on the pulse shape (2.77 for Gaussian pulse and 3.11 for
hyperbolic secant); l is the wavelength; Aeff is the effective mode area; n2 is the nonlinear refrac-
tive index of the fiber (which for standard fiber is n2 = 2.6 3 102 16 cm2/W); and P is the peak
power of the pulse. Note that in several of the techniques discussed in later sections, LD and LNL

vary with position along the length fiber. The intrinsic GVD in standard optical fiber is very
small (typically, b 2 , 2 20 ps2/km at communications wavelengths), which leads to long dis-
persion lengths. Thus the possibility of compact pulse compressors becomes difficult to real-
ize. Furthermore, long fibers allow the various nonlinear effects, such as simulated Raman
scattering (SRS), to impose limitations on the performance. It would be desirable to have a
component that could introduce strong dispersion and which could be appropriately tailored.

Fiber Bragg gratings, and more generally any optical periodic structure (such as 
2-dimensional or 3-dimensional photonic crystals), introduce high-reflectivity bands into
the optical spectrum. Known as photonic band gap or stopbands, these bands are typically
used as optical reflective filters [9]. When operated in transmission, at frequencies outside
of the photonic bandgap they also possess a highly dispersive character—different wave-
lengths propagate with different velocities and are thus time-delayed by different amounts
[10–12]. This dispersion becomes very large close to the edge of the photonic bandgap and
can easily be 5–6 orders of magnitude larger than the dispersion of standard optical fiber.
Increased GVD reduces the corresponding dispersion length from tens of kilometers to cen-
timeters, and thus offers the possibility of compact pulse compressors. In order to exploit
nonlinearities for nonlinear pulse compression, correspondingly higher peak powers are
required when using standard fiber (i.e., the peak power available from standard Q-switched
modelocked lasers) to achieve good compression [13]. Recent advances in chalcogenide
fiber technology have led to fibers with Kerr nonlinearities that are two orders of magnitude
larger than in standard fiber and fiber Bragg gratings in chalcogenide fibers were also
demonstrated [14]. This strong dispersion that exists in Bragg gratings and the ability to
fabricate gratings with an almost arbitrary index profile, and thus arbitrary dispersion pro-
file, potentially in highly nonlinear fibers, will result in very small, flexible, and simple
compression devices with low peak power requirements.

In this paper a comprehensive review of optical pulse compression techniques is pre-
sented that use nonlinear Bragg grating structures. The pulse compressors and generators that
are reviewed here are based on apodized fiber Bragg gratings and operate in transmission.
That is, the optical pulses propagate outside of the photonic bandgap and utilize the strong
GVD, which is present even at wavelengths far removed from the photonic bandgap. In doing
so, one restricts oneself to fiber geometries and Kerr-type nonlinearities. Although many of
the concepts discussed can be applied more generally in other cases (e.g., photonic band gap
structures (see, for example, [15]), or cascaded x 2 nonlinearities as an effective Kerr medium
(see, for example, [16])).

It is shown that by utilizing the strong GVD of Bragg gratings, compact, efficient pulse
compressors are realizable. This analysis is based on an approximate model using a nonlinear
Schrödinger equation (NLSE), which is valid for frequencies outside of the photonic band gap
of a grating and sufficiently removed from the photonic band gap edge. Thus, one does not con-
sider the case in which the frequency spectrum is confined partially within the band gap [17].

The remainder of this paper discusses dispersion in Bragg gratings and pulse compres-
sion schemes in four additional sections followed by a discussion of the results. In the second
section GVD in Bragg grating structures is reviewed and analytic results describing GVD and
higher order dispersion are presented. A figure of merit (FOM) is also introduced that quan-
tifies how constant the GVD is over the pulse bandwidth, and it is shown that this is critical
in the design and analysis of pulse compressors based on fiber gratings. Then nonlinear pulse

Fiber Grating Pulse Compression Schemes 385
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propagation in Bragg gratings is considered, establishing an NLSE description, and some
important results of this description are presented. Also briefly discussed are the properties of
Bragg solitons, which are pulses that can propagate through a grating, without changing
shape, in spite of the strong GVD; they represent a balance between the strong GVD intro-
duced by the grating and SPM. They underlie several of the pulse compression schemes dis-
cussed in this paper. In the third through sixth sections the various optical pulse compression
schemes are presented.

In the third section, a Bragg grating compressor is described that relies only on the GVD
of the grating in order to compress a pulse, which is spectrally broadened and chirped due to
SPM in a separate nonlinear medium. Experimental results show compression of 80 ps pulses
generated by a Q-switched modelocked Nd:YLF laser to 15 ps pulses using a 6 cm apodized
fiber Bragg grating [18]. The degree of compression in this case can be large, but the quality
is not perfect due to the nonlinear chirp associated with SPM.

In the fourth section, the Tomlinson Bragg grating compressor is presented, a pulse com-
pression scheme that utilizes both the strong GVD and the Kerr nonlinearity occurring in a
fiber Bragg grating [19]. Based on a two-section device similar in principle to the Tomlinson
compressor [5], it uses a Bragg grating to increase the bandwidth and simultaneously linearize
the resulting chirp of a pulse. The second linear section, which can also be a grating, acts as
a chirp compensator (i.e., removes the mostly linear chirp). Due to the combined effect of the
SPM and positive GVD the chirp is almost linear and thus the resulting pulse is clean.

In the fifth section, the recent experimental results on nonlinear pulse compression and
Bragg soliton propagation in fiber gratings are reviewed. It is shown that experimental results
are in good agreement with both numerical simulations of the nonlinear coupled mode equa-
tions (NLCME) and the NLSE. The nonlinear pulse compression occurs because of soliton-
effect compression, where the GVD is provided by a Bragg grating. The Bragg soliton-effect
compressor requires only a single apodized Bragg grating; however, the compressed pulse is
accompanied by a pedestal.

In the sixth section, a novel pulse compression scheme is presented that relies on the
propagation of Bragg solitons in a nonuniform fiber Bragg grating [20]. The Adiabatic Bragg
soliton compressor scheme is based on adiabatic soliton compression using a nonuniform
grating in which the dispersion decreases along the grating. This technique has the advantage
that it only requires one component (i.e., one grating) and produces a clean nearly transform
limited pulse. The NLSE model for nonlinear pulse propagation in Bragg gratings, introduced
in the second section, is extended to treat nonlinear pulse propagation in nonuniform Bragg
gratings and is used to design a compact adiabatic Bragg grating compressor. These results are
then generalized and a high repetition rate optical pulse train source based on the beating
together of two CW sources is presented. By sending them through a grating, one transforms
the beat signal into a train of fundamental solitons with the repetition rate determined by the
frequency separation of the CW sources. In the final section concluding remarks are offered
and possible future directions for this work are considered.

Background

Bragg Reflection

A one-dimensional photonic crystal is considered, such as a Bragg grating, located in the core
of an optical fiber, whose axis is in the z-direction. The linear refractive index is given by

(2)n z 5 n0 1 d n z 1 D n z  cos
2 p

L
 z 1 F z ,

386 B. J. Eggleton et al.
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where n0 is the refractive index of the fiber core, d n(z) is the change in the average refractive
index, D n(z) is the refractive index modulation depth, L is the grating period, and F (z) is the
phase that allows for grating period variations. For typical gratings in optical fiber, n0 , 1.5,
both D n(z) and d n(z) can be as large as 0.01 in H2 loaded fibers [9], and the period is usually
of the order of L , 0.5 m m. All of the gratings, referred to throughout this work, rely on the
mechanisms of photosensitivity in germanosilicate glass [9].

Uniform Bragg gratings are well understood. If the wavelength of the incident light is
close to the resonant Bragg wavelength of the periodic grating structure then light will be
strongly reflected. For a grating with a period L , the Bragg wavelength is

(3)

where . The width D l of the band of wavelengths that are strongly reflected by
the grating, referred to as the “photonic band gap,” is

(4)

If the wavelength of the incident light lies within the photonic band gap, the field envelopes
in the grating are evanescent and light is mostly reflected, while outside the photonic band
gap, the fields are propagating waves and light is mostly transmitted.

In a grating with a uniform index modulation, spectral sidelobes are present in the trans-
mission spectrum for wavelengths outside of the photonic band gap (i.e., in the passband).
These sidelobes are accompanied by distortion, in the form of ripple in the GVD of the grat-
ing [52]. They result from a mismatch in the effective index of the grating and the surround-
ing medium (i.e., bare fiber), and can be removed by allowing the index modulation to vanish
smoothly at each end, a process known as apodization [27]. This technique is widely exploited
in designing photonic components for wavelength division multiplexing applications in which
the out-of-band reflections are highly undesirable [21, 22]. Apodization is also critical in the
design and implementation of fiber grating-based pulse compressors, which are considered
here.

Apodized gratings are just one example of nonuniform Bragg gratings in which one or
more of the quantities, d n(z), D n(z), and F (z), are slowly varying functions along the length
of the grating. Light propagation in this case can be conveniently described using a reflection-
band diagram [23], which is used throughout this paper to the various pulse compression
schemes. Figure 1 shows examples of such diagrams for various nonuniform gratings: Figure
1a represents a uniform grating with constant index modulation; b represents a linearly
tapered fiber grating with an index modulation that varies linearly along the length of the grat-
ing (constant average refractive index); and c represents an apodized grating with the index
modulation vanishing smoothly at each of the grating (constant average refractive index).
Each point on the horizontal axis of the diagram corresponds to a particular point along the
grating with a specific detuning. The shaded region corresponds to those frequencies that are
strongly reflected, whereas the frequencies in the clear region are transmitted.

Gratings are often fabricated in photosensitive fiber using the phase mask scanning tech-
nique [21, 24, 25], in which an ultraviolet beam (with a wavelength of typically 242–248 nm)
is scanned along the length of the phase mask. Gratings as long as 1 meter have been fabri-
cated using this method [26]. Fabrication of apodized gratings, in which the grating amplitude
varies along the length of the grating, involve a two-step procedure [21]. First, an ultraviolet
beam is scanned along the length of the phase mask. The intensity of the ultraviolet beam is
varied as the beam is scanned along the axis of the fiber creating the modulated component

D k

k B
>

D n

n
 .

n 5 n0 1 d n

k B 5 2n L ,

Fiber Grating Pulse Compression Schemes 387
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388 B. J. Eggleton et al.

Figure 1. Schematic reflection band diagrams illustrating light propagation through Bragg
gratings: (a) uniform Bragg gratings, (b) linearly tapered fiber Bragg gratings, and (c) apodized
fiber Bragg gratings. The horizontal axis is positioned along the length of the grating and the
vertical axis is detuning.
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of the grating. Second, the unmodulated component of the grating is then imprinted in the
same manner without the phase mask present. This two-step technique ensures that the aver-
age refractive index of the grating remains approximately constant along the length of the
grating even though its strength changes, minimizing sidelobes. To a good approximation the
apodization profiles discussed in this work are Gaussian functions as illustrated in Figure 1c
[22, 27].

Bragg Grating Dispersion

Nonlinear pulse propagation in Bragg gratings can be described using the NLCMEs, which
are believed to be the most accurate description of nonlinear pulse dynamics in Bragg grat-
ings [28]. These equations are valid only for shallow gratings and for wave-
lengths close to the Bragg wavelength. At high intensities the nonlinearity becomes important
and thus one needs to include the intensity dependent refractive index,

n=nL 1 n2I, (5)

where I = P/Aeff is the peak intensity.
The NLCMEs can be derived by substituting the Ansatz for the electric field E, [28],

(6)

which is assumed to be linearly polarized, into Maxwell’s wave equation and by making use
of the fact that the field envelopes are slowly varying. Here, kB = p / L and are
the wave number and the frequency at the Bragg condition, respectively, and E 1 and E 2 are
the slowly varying field envelope amplitudes of forward and backward propagating waves.
The resulting NLCMEs for E 6 can be written as [28]:

(7)

Here is the phase velocity of light in fiber, where c is the speed of light;

(8)

is the coupling coefficient, which is allowed to vary along the length of the grating, and h ,
0.8 is the fraction of the total energy in the fiber core. G S and G x are the nonlinear parameters
responsible for self- and cross-phase modulation such that G s = G x = 2p n2/l B.

Linear pulse propagation through gratings can be understood using the linearized coupled
mode equations, where G x = G S = 0. One needs to consider the dispersion relation v (k), which
is also the relationship between the frequency detuning parameter

(9)

and the propagation constant b = k 2 kB, where v and k are the optical frequency and the prop-
agation wavenumber, respectively. For an infinite uniform grating the dispersion relation can

d 5
1

V
 x 2 x B

k z 5
p D n z g

k B

V 5 c n

i 
qE 2

qz
1 i 

1

V
 
qE 2

dt
1 k z E 1 1 G S E 2

2E 2 1 2 G 3 E 1
2E 2 5 0

i 
qE 1

qz
1 i 

1

V
 
qE 1

dt
1 k z E 2 1 G S E 1

2E 1 1 2 G 3 E 2
2E 1 5 0

x B 5 p c n L

E z, t 5 E 1 z, t e 1 ikBz 1 E 2 z, t e 2 ikBz e 2 i x Bt 1 c.c.,

D n ½ n

Fiber Grating Pulse Compression Schemes 389
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be obtained from the linearized NLCME eqs. (7) by insertion of a plane-wave solution of the
form

E 6 =C 6 exp[i(b z 2 V d t), (10)

where C 6 are constants. This substitution yields the dispersion relation

(11)

which is illustrated in Figure 2, for both a uniform medium (dashed lines) and a periodic
medium (solid lines). Figure 2 shows that for frequencies in the range 2 k # d # k , defining
the photonic band gap, no propagating solutions are allowed; this corresponds to the regions
of high reflectivity. Light can propagate outside this region, which corresponds to the pass-
band.

The slope of the dispersion curve d d /d b gives the group velocity, while the curvature,
d2 d /db 2, gives the GVD. In the absence of the grating, light propagates at the speed of light in
the medium (one ignores the background material dispersion, as it is negligible over the
bandwidth under consideration). In the presence of the grating, the group velocity vanishes at
the band edge and asymptotically approaches the speed of light in the medium far from the
Bragg resonance. The reduction in the group velocity can be explained in terms of the multi-
ple Fresnel reflections that occur at each of the individual grating rulings, resulting in addi-
tional path length. This extreme variation in the group velocity over such a relatively small
range of wavelengths (roughly equal to the bandwidth of the grating) leads to strong GVD.

d 5 ± k 2 1 b 2,

390 B. J. Eggleton et al.

Figure 2. Dispersion relation of uniform Bragg grating. The vertical axis is the detuning parameter
and the horizontal axis is the propagation constant.
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Indeed, it has been shown that the grating GVD can be up to six orders of magnitude larger
than that of standard telecommunication fiber [11].

On the long-wavelength side of the band gap (d , 2 k ), the grating GVD is positive, and
can be used to compensate for the negative dispersion effects which are caused by propaga-
tion in optical fiber at communication wavelengths [11]. On the short-wavelength side of the
photonic band gap ( d . k ), the grating GVD is negative and solitons are supported [13, 29].
At frequencies close to the edge of the photonic band gap the grating also exhibits significant
higher-order dispersion, which affects the light propagation [10, 12]. The effect of this grat-
ing dispersion can be accounted for mathematically by expanding the propagation constant
b (v ) in a Taylor series [12, 30]

(12)

where b n is the nth derivative of b with respect to v . Each term in this series has physical sig-
nificance, which is discussed below. The group velocity can be calculated by vg , dv /dk =
Vdd /db , which gives

(13)

To quantify the GVD inside the grating, one considers the second term in the Taylor series
expansion of the propagation constant [10, 12, 30]

(14)

which is illustrated in Figure 3 by the solid line; the dashed line represents the edges of the
photonic band gap. The GVD is frequency-dependent and, therefore, is not constant over the
spectral bandwidth of a short pulse. Thus the third-order dispersion, which is the next term in
the Taylor series expansion, becomes

(15)

and should not, in general, be neglected. For example, consider a typical fiber grating with k
= 10 cm 2 1 and a pulse with duration t 0 = 10 ps, a detuning of d = 15 cm 2 1, corresponding to
vg = 0.7 V; then the dispersion length is LD

(2) , 0.5 cm, while the dispersion length for third-
order dispersion is LD

(3) = t 0
3/b 3 , 0.3 cm. Note also that in a grating, the third-order disper-

sion is always positive regardless of the sign of d . This should be compared with propagation
in standard communications optical fiber in which the dispersion length for a 10 ps pulse at
1.5 m m is 4 km and the length for third-order dispersion is LD

(3) = 10,000 km.
Because third-order GVD distorts short optical pulses, the ratio between the third and

second-order dispersion terms, often defined as the FOM for characterizing the performance
of a fiber grating, can be expressed as [30]

(16)F 5
b 2

b 3
 r 0 5 V r 0 

d
2 2 k 2

3 d
 .

b 3 5 3
1

V

3

 
1

d 2 

k
d

2

1 2
k
d

2 5 2 ,

b 2 5 2
1

V

2

 
1

d
 

k
d

2

1 2
k
d

2 3 2 ,

vg 5 ±V 1 2 k d 2.

b x 5 b 0 1 b 1 x 2 x 0 1
1

2
 b 2 x 2 x 0

2 1
1

6
 b 3 x 2 x 0

3 1 … ,
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Clearly, to minimize the detrimental effects of third-order dispersion, F must be as large as
possible, i.e. F . . 1. Using this FOM, the grating-based pulse compressors were designed
as described in a later section.

Bragg Solitons in the Nonlinear Schrödinger Limit

As discussed in the previous section, in general, the propagation through a fiber grating is
described by a set of NLCME. However, if the grating quadratic dispersion is nearly constant
over the spectral bandwidth of the pulse (i.e., F . . 1) and the intensity of light is sufficiently
low so that D nNL ! D nL, then these equations can be reduced to a simple NLSE having the
form [28, 29, 31, 32]

(17)

Here A is an envelope function that modulates the eigenfunctions or Bloch waves associated
with the grating. b 2 is the GVD of the grating given by eq. (14), and G is the effective nonlin-
ear coefficient (given below). Both of these quantities are assumed to be axially uniform for
now. Finally, t = t 2 z/vg is the reduced time. The parameter G is frequency-dependent inside
the grating and is related to the grating parameters through the relation [29]

i 
qA

qz
2

b 2

2
 
q2A

qr
2 1 G A2 A 5 0.
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Figure 3. Quadratic dispersion of Bragg grating versus detuning. The dashed line represents the
edges of the photonic band gap.
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(18)

The derivation of eq. (17)–(18) is based on a multiple scales approach and has been presented
elsewhere (see [28] for a complete derivation).

It is noted that close to the edge of the photonic band gap (i.e., k , d ), the intensity inside
the grating is enhanced with respect to that outside of the grating; this is the reason for the
additional factor in eq. (18). This can be attributed to both the standing wave field inside the
grating and the reduced group velocity of light inside the grating [31]. In addition to this, eq.
(17) describes nonlinear pulse propagation inside the Bragg grating and ignores the “coupling
problem.” One thus needs to relate the incoming field, i.e., the pulse incident upon the grat-
ing, to the field just inside the grating at which point eq. (17) applies. If one assumes that the
grating is suitably apodized, then the reflectivity outside of the photonic band gap is negligi-
ble, and one can show to a good approximation, that the total field intensity inside the grating
is enhanced by a factor of V/vg, so that Iin = (V/vg)Iout [29]; this approximation neglects propa-
gation in the apodized regions. Combining these two effects can result in enhancements in the
nonlinearity as high as 3–5 in typical fiber grating experiments [29]. Finally, it is noted that
in a nonuniform Bragg grating such as that described in a previous section, the coefficients in
eq. (17) can vary along the length of the grating. This point is returned to later.

This approximate description is a very valuable tool in understanding nonlinear pulse
propagation through Bragg gratings. This approach highlights the physics and leads to results
that are in good agreement with both NLCME and experimental results, as discussed in a later
section. A very interesting consequence of this equation is a new kind of soliton, referred to
as a Bragg soliton [13, 29, 31, 33, 34], which relies on the GVD provided by the Bragg grat-
ing rather than on material dispersion [13].

Bragg solitons, as described by the NLSE, represent a special case of more general soli-
tary wave solution found by Aceves and Wabnitz [35]; this is returned below. The fundamen-
tal Bragg soliton, in the NLSE limit, can now be written as [4]

(19)

By definition, the electric field envelope A for a Bragg soliton obeys the following relation
[36]:

(20)

where N—an integer—is the Bragg soliton order and G is defined in eq. (18). The peak inten-
sity of the pulse inside the grating is then Iin = u A u 2, where t 0 is the pulse width and ES =
2Iin t 0Aeff is the soliton energy. One an now apply the standard NLSE results for a soliton in
uniform media, and by relating the fields outside and inside the grating, one finds that the peak
intensity required for launching a N = 1 Bragg soliton is [29]

(21)

An interesting property of solitons is that the solution A(t ) is periodic with a period of Z0,
given by [4]
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(22)

This periodicity is obeyed by all higher order solitons (N $ 2). In fact, during the evolution
of a higher order soliton over one soliton period, it first contracts to a fraction of its initial
width, splits into distinct pulses, and then merges again, recovering the original shape at the
end of the soliton period. The initial compression is often referred to as soliton-effect com-
pression and forms the basis of a well-known pulse compression scheme [3]. Recent experi-
mental results studying soliton-effect pulse compression in fiber Bragg gratings are reviewed
in a later section.

There are some major differences between Bragg solitons and conventional solitons that
are briefly reviewed here:

� Bragg solitons can, in principle, travel at any velocity between 0 and V. In experiments,
velocities as low as 0.5 V have been reported [29]. In nonuniform Bragg gratings, the
velocity varies along the length of the grating.

� The GVD is caused by the presence of the grating and not by the inherent material dis-
persion of glass. The magnitude of the grating GVD can be up to 5–6 orders of mag-
nitude larger than the material dispersion of glass. Thus the soliton period, which is
proportional to LD, is correspondingly smaller.

� The magnitude of the nonlinear coefficient in the NLSE can exceed that in conven-
tional fiber and is strongly frequency-dependent close to the edges of the photonic band
gap.

� Bragg solitons represent solutions to the NLCME which are a set of nonintegrable
equations [35]. These solitary wave solutions are known to reduce to the NLSE solu-
tions given by eq. (19) in the appropriate limit [32]. Since these solitary waves are solu-
tions to the full NLCME, they include all orders of dispersion and their existence is not
restricted to the regimes of good FOM as given by eq. (16).

Using Linear Properties of Bragg Gratings for Optical Pulse Compression

Principle of Operation

In this section, results of a compression scheme are presented in which spectrally broadened
80 ps (FWHM) pulses, generated by a modelocked/Q-switched YLF laser, are compressed
down to 15 ps, using an unchirped, apodized Bragg grating operating in transmission. In this
example, the propagation through the Bragg grating is linear (i.e., the power is low enough
such that LNL is very large and the effects of nonlinearity in the grating can be neglected) [18].
The compression factor of 5 is in good agreement with theory and numerical simulations, and
is close to the compression that could have been achieved with an ideal compressor.

The key to this compression scheme, which is illustrated in Figure 4, is that an intense
pulse propagating through a nonlinear medium spectrally broadens and acquires a frequency
sweep. In this case, the nonlinear medium is the laser rod of the Nd:YLF laser [37, 38] oper-
ating in Q-switched modelocked mode. In such lasers, the high intensities of the modelocked
pulses under the Q-switch envelope in the cavity can develop significant SPM. Different mod-
elocked pulses under the Q-switched envelope will have different intensities and thus acquire
nonlinear phase shifts of different magnitudes. In contrast to the chirp acquired by a linear
pulse propagating in a dispersive medium, the chirp is intensity dependent and is approxi-
mately linear only over the central portion of the pulse. The spectrally broadened pulse can

z0 5
p r 0

 2

2 b 2
5

p

2
 r 0

2V2 
d 2 2 k 2 3 2

k 2  .
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then be compressed using a dispersive element (such as a linear Bragg grating), which exhibits
negative dispersion [4]. This compression is not perfect because of the residual noncom-
pressible nonlinear chirp. In addition, for nonlinear phase shifts of D f $ 3/2p , zeros are intro-
duced in the spectrum, which cannot be restored by any linear system.

Analysis

Consider a Gaussian pulse with a (1/e) halfwidth of t 0, which is chirped by SPM and let D f
= (2 p /l )n2IL denote the peak intensity induced phase shift, where l is the free space wave-
length and L is the optical path length. The necessary GVD for optimum pulse compression
can be shown to be [18, 36]

(23)

where b 2 is the value of the GVD in units of ps2/cm and z is the length of the grating in units
of cm. For large nonlinear phase shifts (D f . 2), the resulting compression ratio can then be
approximated by [18]

C= t 0/t C < 0.75 D f , (24)

where t C is the duration of the compressed pulse. Ultimately, the quality of compression is
limited by the bandwidth over which the dispersion is constant.

Pulse Compression Results

The parameters required for pulse compression of a spectrally broadened pulse are now exam-
ined using an apodized (unchirped) fiber grating. Consider a Gaussian pulse with 80 ps
(FWHM), spectrally broadened by propagation through a nonlinear medium with a maximum
nonlinear phase shift of D f = 7. From eq. (24) one would expect a compression factor of C =
5.25 that is limited by residual nonlinear chirp and the higher order dispersion of the grating.
One considers a grating in which k = 21.5 cm 2 1 with a total length of 6.5 cm. The grating is
also suitably apodized; the effective length of the apodized regions is approximately 0.75 cm,
which is sufficiently small to be ignored in this analysis. Using eq. (23) and the length of the

b 2 z <
r 0

2

2 D u
 ,

Fiber Grating Pulse Compression Schemes 395

Figure 4. Schematic of linear Bragg grating compressor. The first section is for bandwidth
generation and the second section is for chirp compensation. The Bragg grating is a purely linear
device incapable of compensating for the nonlinear chirp.
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grating, one determines that the dispersion of the grating should be b 2 = 2 33 ps2/cm. One can
now solve eq. (14) to find the detuning parameter that gives maximum compression, giving d
= 39.0 cm 2 1 (D l = 2 0.47 nm). Note that this corresponds to the short wavelength side of the
photonic bandgap (negative dispersion).

Figure 5 shows the numerically simulated compression for the above example. The dot-
ted line shows the input spectrally broadened pulse ( t 0 = 80 ps) and the solid line shows the
pulse upon transmission through the grating. The transmitted pulse is compressed to a width
of approximately 15 ps, representing a compression factor of C ? 5.2, which is in good agree-
ment with that predicted from eq. (24). Note that the structure on the trailing edge of the com-
pressed pulse, which contains approximately 10–15% of the energy in the entire pulse. It is
not surprising that the compression is not perfect because in this example the FOM given by
eq. (16) is F ? 3, and thus the third-order dispersion is still significant [12]. The dashed line
in Figure 5 shows the calculated compression pulse obtained by assuming only quadratic dis-
persion in the compressor. Because of the nonlinear nature of the chirp associated with SPM,
the pulse is not entirely compressed, even in the case of the ideal quadratic compressor.

The transmission spectrum of an apodized fiber Bragg grating is shown in Figure 6 as a
function of detuning from the center of the photonic band gap. The photonic band gap is
approximately 0.50 nm wide, corresponding to k = 21.5 cm 2 1 with a total length of 6.5 cm,
including 0.75 cm apodized regions on each end of the grating. The uniform region of the
grating is thus 5 cm long.

396 B. J. Eggleton et al.

Figure 5. Pulse compression according to numerical simulation of NLCME. Grating parameters: k

= 21.5 cm 2 1 and L = 0.5 cm (apodized). Short-dashed curve is spectrally broadened input pulse ( t =
80 ps, D f = 7, d = 39 cm 2 1, D l = 2 0.47 nm), solid curve is pulse compressed by the grating, and
dashed curve is pulse compressed by an ideal compressor with only quadratic dispersion.
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Figure 7 shows a typical experimental result of the compression using the apodized fiber
grating as a transmissive dispersive element. In this example, one estimates that the nonlinear
phase shift is D f = 7. This shift corresponds to a pulse close to the peak of the Q-switched
train where the nonlinear phase shift is largest [18]. The detuning of the input pulse is adjusted
to maximize the compression, where the detuning is D l = 2 0.45 nm ( d = 38 cm 2 1), corre-
sponding approximately to the parameters in Figure 5. The dashed line represents the input
pulse with a width of 80 ps, and the solid line represents the compressed pulse having a mea-
sured width of 25 ps. Since the detection system has a total response time of 20 ps, one con-
cludes that the compressed pulsewidth is approximately 15 ps, representing a compression
factor of greater than 5 in good agreement with numerical simulations. Note that there is some
structure on the trailing edge containing approximately 15–20% of the energy of the entire
pulse. This structure is clearly associated with higher order dispersion in the grating and non-
linear chirp.

Figure 8 shows the measured deconvolved pulsewidth (FWHM) for a fixed nonlinear
phase shift of D f = 7 as one varies the detuning of the input pulse. At detunings far from the

Fiber Grating Pulse Compression Schemes 397

Figure 6. Measured transmission spectrum of apodized Bragg grating as a function of detuning:
wavelength (bottom axis) and frequency detuning (top axis).
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photonic band gap, the dispersion is small and the pulse shape is mostly unaffected. The trans-
mitted pulse reaches a minimum pulsewidth for a detuning of D l = 2 0.45 nm ( d = 38 cm 2 1),
which corresponds to the case shown in Figure 7. Close to the edge of the photonic band gap,
the dispersion overcompensates the spectrally broadened pulse and higher order dispersion
becomes significant.

The effects of varying the amounts of spectral broadening was also investigated. This was
achieved experimentally by selecting different pulses in the Q-switched train. Figure 9 shows
the deconvolved pulsewidth (FWHM) of the transmitted pulse for different values of the esti-
mated nonlinear phase shift in the laser cavity. In this example, the detuning is fixed to D l =
2 0.45 nm (d = 38.0 cm 2 1) from the center of the photonic band gap. It is worth noting that
for nonlinear phase shifts of D f , 0.2, the transmitted pulse is mostly unaffected. The regime
corresponds roughly to the experiments described in a later section.

Discussion

The pulse compression achievable using this scheme is not perfect because of the nonlinear
chirp and the higher order dispersion of the grating. The quality of the compression can be
improved by:

398 B. J. Eggleton et al.

Figure 7. Experimentally measured transmitted intensity as a function of time. Dashed curve is the
spectrally broadened pulse ( t = 80 ps, D f = 7, D l = 0.45 nm) and the solid curve is the compressed
pulse.
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(1)increasing the grating strength and length, which can reduce cubic dispersion thus
improving the FOM F;

(2)linearizing the chirp of the spectrally broadened pulse by the effects of positive dis-
persion [5, 19], which is discussed in the next section;

(3)using a saturable absorber or intensity discriminator [39, 40], which can attenuate the
wings of the pulse.

The spectral broadening occurs because of SPM in the rod of a modelocked/Q-switched
YLF laser. It is emphasized that this effect is known to occur in a wide class of high power
modelocked/Q-switched lasers [37]. A transmission grating could be a valuable component
for compressing chirped pulses generated by high power lasers or for chirped pulses gener-
ated by gain-switched semiconductor lasers [41]. For the compression of high power pulses,
nonlinearities in the grating can reduce the compression. In a scheme recently proposed by
Galvanauskas et al. [42], a chirped Bragg grating was imprinted in bulk glass allowing for the
compression of high power pulses.

Pulse Compression Using Fiber Gratings 
as Highly Dispersive Nonlinear Elements

Principle

As was discussed in the first section, compressing a transform-limited pulse requires spectral
broadening that can be achieved by using SPM. However, pure SPM (for nonlinear phase

Fiber Grating Pulse Compression Schemes 399

Figure 8. Deconvolved pulsewidth of transmitted pulse as a function of wavelength detuning ( D l ).
Transmission spectrum of apodized Bragg grating is superimposed.
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shifts of a few p ) leads to nulls in the pulse spectrum and results in a distorted compressed
pulse in the time domain (c.f. Figures 5 and 7), which cannot be removed by a linear system
(i.e., one containing only GVD). For this reason both SPM and positive GVD are required in
order to produce compressed pulses close to the transform limit.

In this section, it is shown by using both the strong positive GVD and the SPM of a grat-
ing, square pulses with linear chirp across them can be produced. Once the linearly chirped
square pulse emerges from the grating the chirp can be compensated by a linear element with
negative GVD—either a diffraction grating pair or prism pair—resulting in a clean approxi-
mately transform-limited pulse. If the nonlinearity is small enough or the peak power is low
enough (such that the grating length Lg , , LNL), then a second fiber grating may be used
since it has opposite sign GVD on the two sides of the stop band. Figure 10 illustrates the prin-
ciple of the Tomlinson Bragg grating compressor, which could be an all-fiber device if the sec-
ond section consists of either a transmissive Bragg grating or a chirped grating operating in
reflection [43].

Design of Pulse Compressor

In this section the achievable compression factors and required grating parameters are esti-
mated. The pulse compression technique is governed by two important parameters [4]:

400 B. J. Eggleton et al.

Figure 9. Deconvolved pulsewidth of transmitted pulse as a function of nonlinear phase shift ( D f ).
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(25)

where zopt is the length of fiber required for optimum compression. If z , zopt the chirp is not
linearized yet, and if z . zopt the GVD-induced pulse broadening and corresponding reduction
in peak intensity leads to SPM losing its effectiveness. In this case, the compression factor, C
= t 0/t C (where t 0 is the initial pulse-width and t C is the compressed pulse-width), is related to
N through

C < N/1.6. (26)

Since the compression factor scales with N it is clear that for maximum compression, one
would like to operate at the lower limit of the nonlinear length and at the same time maximize
the dispersion length. However, by increasing the dispersion length, the optimum length will
increase and one is limited by the grating lengths that are technologically feasible. A good
measure would be the ratio of the optimum length as defined in eq. (25) and the grating length
Lg

(27)

Ideally one would like q = 1 which, for a given LNL, will put an upper limit on the dispersion
length.

The general design criteria are limited by the peak intensity and the higher order disper-
sion of the grating. High peak intensity is detrimental because it can lead to:

1) SRS,
2) shifting of the Bragg resonance,
3) truncation of the pulse spectrum by the photonic band gap.
Higher order dispersion leads to pulse distortion as shown earlier and ultimately limits

the bandwidth over which efficient pulse compression can be achieved. The limits imposed by
these different effects on the design of the fiber grating is examined.

The threshold for CW SRS dictates a worst case upper limit on the peak power as follows
[4]:

q >
zopt

Lg
< 6

LD

Lg

LN L

Lg

1 2

.

zopt < 6LDLN L  for  N ¾ 1,

N 5
LD

LN L
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Figure 10. A schematic drawing of the Tomlinson Bragg grating compressor. The first section
generates bandwidth and linearizes chirp and the second section compensates this chirp. Ideally, the
result is an almost transform limited compressed pulse.
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(28)

where gR is the Raman gain coefficient at the wavelength of operation. This threshold leads to
a lower limit of LNL

(29)

When pulses are considered, the actual peak power may be higher than eq. (28) suggests,
since there is a walk-off between the pump and the Stokes pulse because of the strong GVD
in the grating [4]. For short pulses, the Stokes pulse stops growing after three walk-off dis-
tances, [4] defined as Lw = t 0/(l/vp 2 l/vs), where vp and vs are the pump and Stokes pulse group
velocities, respectively. To get an estimate for these effects one gives the following example.
For a 60 ps (FWHM) pump pulse with a center wavelength of 1.06 m m and a Stokes pulse
with a center wavelength of 1.12 µm propagating in a fiber grating with a coupling coefficient
k = 32.4 cm 2 1 and a detuning parameter for the pump pulse d = 2 80 cm 2 1, the walk-off dis-
tance is about 7.5 cm, for an optimum grating length of 63.5 cm. For this example, the Raman
threshold is about 100 kW, which is much higher than the peak powers used in typical fiber
grating experiments. Obviously, one of the advantages of using fiber gratings instead of opti-
cal fiber itself is that Raman gain does not impose as serious limitations on the peak power.

The next limit is specific to fiber gratings and is associated with an intensity-dependent
shift in the Bragg resonance which leads to intensity-dependent dispersion. It can be shown
that, for k , , d 0, LNL d 0 . . 1 is required to minimize this effect, which means increasing the
detuning or decreasing the intensity of the pulse. Here d 0 is the low intensity detuning para-
meter [19].

The last limitation imposed by the peak intensity is caused by SPM-induced spectral
broadening of the input pulse spectrum. This broadening will be approximately C, since this
is the intended purpose of the compressor. One now has to ensure that this spectrum does not
overlap with the reflection spectrum of the grating, since this would cause truncation of the
spectrum. The input bandwidth (at 1/e-level) of a transform-limited Gaussian pulse of width
t 0 is given by D v = 1/(2p t 0) and the output spectral bandwidth is approximately (C/2p t 0). This
spectral bandwidth must be smaller than the spectral distance from the band edge ( u d u = k )

(30)

Finally, one considers a purely linear properly of the grating, namely, the higher order
dispersion. As shown earlier, this limitation comes from the FOM—F. Using eq. (16) and
given a grating strength, we get a lower limit on the detuning parameter,

(31)

which in turn will put an upper limit on the GVD. If we define d c as the limiting value above,
the upper limit on the GVD can be written as

(32)

We can now place a lower limit on the dispersion length by using its definition (see eq. (1))

b 2 <
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(33)

As we mentioned, by increasing LD, the optimum grating length will increase.
To demonstrate the effect of third-order dispersion on compression one adds a small amount

of cubic dispersion to an ideal compressor, which contains only GVD and SPM and simulates
using the NLSE with a 70 ps transform-limited Gaussian input pulse. This approach corresponds
to the NLSE description of a Bragg grating (see eq. (17)) with an additional term corresponding
to third-order dispersion. Figure 11 shows the results of this simulation for three initial values of
the F parameter introduced earlier. F = ` represents the ideal case of no cubic dispersion and F
= 10 and 20 are also shown. As a point of reference: for standard fiber with the same input pulse,
F = 104. As can be seen, third-order dispersion introduces some pulse asymmetry as well as some
structure on the leading edge, which will cause some trailing energy on the compressed pulse. A
reasonable F value, in this example, is therefore . 20. It is noted that since F , t (z), where t (z)
is the decreasing pulse width, F decreases along the length of the grating.

Numerical Example

One now looks at the parameters required for pulse compression of a 60 ps Gaussian pulse
with a center wavelength of 1.06 m m. The design parameters for a grating will be outlined,
which will enable a compression of C < 5. The corresponding nonlinear length for an effec-
tive mode area of 50 m m2 is LNL = 3.2 cm, which may be used as a lower limit. To get a com-
pression factor of 5, one needs to choose LD = 207.4 cm with a corresponding GVD of 6.3
ps2/cm and an optimum length of 63.5 cm. By choosing the detuning d = 2 80 cm 2 1 and the
grating strength k = 32.4 cm 2 1, one gets an F parameter of 12 for the initial pulse width t 0 =

LD > V  3 d cF
3 2 

r 0

k 2  .

Fiber Grating Pulse Compression Schemes 403

Figure 11. The effect of cubic dispersion on the compressor performance. F 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
b 2 = 50 ps2/cm and b 3 = 0, 175 and 350 ps3/cm for F = ` , 20 and 10, respectively.
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36 ps, and F = 2.4 for the output pulse assuming the compression factor C < 5. It can be
shown that a shorter grating of 20 cm will degrade the compression factor by less than 10%
[19].

Using these parameters the propagation by two different techniques was simulated
numerically: 1) a full numerical solution of the NLCME for the apodized grating, and 2) a
split-step Fourier method of the NLSE (eq. 17), including both b 2 and b 3. In both cases, one
looks at the output pulse before the compensating section. In Figure 12a and 12b the input and

404 B. J. Eggleton et al.

Figure 12. (a) Input 60 ps transform limited Gaussian pulse of 20 GW/cm2 peak intensity and the
final compressed pulse. (b) The corresponding spectra. (c) The pulse and its chirp after propagating
through 63.5 cm of a homogeneous medium with b 2 = 6.3 ps2/cm and b 3 = 18.9 ps3/cm.
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output pulse are shown, respectively, in the time and frequency domain. And in Figure 12c the
pulse and the chirp are shown across the pulse just before the compensation section. As can
be seen, the compressed pulse has some residual trailing energy in the time-domain and
slightly asymmetric spectrum (both consequences of the small third-order dispersion), but it
is still of reasonably high quality. Figure 13 compares the results of the two different simula-
tion methods using the same parameters but with a grating length of 20 cm. Figure 13a shows
the intensity profile of the pulse before the dispersion compensating section and 13b shows
the resulting compressed pulse at the output of the system with a compression factor of 4.6 in
good agreement with the analytical model.

Discussion

In this section, a compression scheme was considered that uses strong positive GVD achiev-
able in the passband of fiber gratings for frequencies below the photonic bandgap. The scheme
is superior to that described in a previous section, as it can result in clean optical pulses. How-
ever, it still requires a two-section device. In the next two sections pulse compression schemes
are described that utilize only a single grating.

Analysis of the limitations placed on this system have been presented primarily by
higher-order dispersion terms and high peak intensities. This analysis shows that the limita-
tions imposed by SRS are not as severe in this scheme because of the short walk-off distance
for pump and Stokes pulses. Numerical simulations show the performance predicted by analy-
sis, as well as the close agreement between the results of the full NLCME and the NLSE.

Bragg Soliton-Effect Compression Using Nonlinear Bragg Gratings

Fiber-based soliton-effect compressors have been used to obtain very high compression fac-
tors [44]. However, like all other fiber-based compressors, they require a long length of fiber.
By using a Bragg grating compressor one can reduce the length of the device from hundreds
of meters to a few centimeters. In addition, as the dispersion is frequency-dependent, one can
easily control the compression ratio by varying the parameters of the grating, e.g., by appli-
cation of strain or temperature. In this section, a nonlinear pulse compression scheme is con-
sidered based on the self-compression of a N-soliton pulse in a single apodized Bragg grating.
The principle of the Bragg soliton-effect compressor is illustrated in Figure 14; a single
apodized Bragg grating is used and the pulse is detuned to frequencies below the photonic
bandgap.

Here, the recent experiments are briefly reviewed studying nonlinear pulse and self-
compression [29]. In this experiment 80 ps (FWHM) approximately transform-limited pulses
generated by a modelocked/Q-switched YLF laser were soupled into a 7.5 cm long apodized
fiber Bragg grating [29]. The bandwidth of the apodized grating was approximately 0.17 nm,
corresponding to a strength of k = 7 cm 2 1. Figure 15 shows an example of these results when
the peak intensity of the pulses incident upon the grating was approximately 13 GW/cm2. In
particular, Figure 15a shows the transmitted intensity versus time for different values of detun-
ing. By varying the strain on the grating, one can change the detuning of the input pulse, and
thus tune to different points on the dispersion curve. As mentioned above, one can thus, in
effect, tune the dispersion length and therefore, N. Note from Figure 15 that far from the pho-
tonic band gap edge, where the grating-induced GVD is negligible, the pulse is unaffected and
propagates through the grating at the speed of light. Closer to the edge of the photonic band
gap, the pulse is substantially compressed; below it is shown that this can be understood in
terms of soliton-effect compression. Note that the compressed pulse is slightly asymmetric

Fiber Grating Pulse Compression Schemes 405
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and there is a small pedestal. In addition to this compression, the transmitted pulse is sub-
stantially delayed in time [45]. This retardation is simply caused by the reduced group veloc-
ity of the pulse propagating through the grating.

406 B. J. Eggleton et al.

Figure 13. Comparison of simulation results using the split step Fourier method for the NLSE
(dashed line) and the full NLCME for gratings (solid line). For (a), the pulse intensity profile before
and for (b), after the dispersion compensating section.
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Figure 15b shows the FWHM of the transmitted pulse, versus detuning, for three differ-
ent cases represents:

(1) the experimental plots (dots);
(2) simulated using the NLCME (dashed line);
(3) simulated using NLSE (dotted line).

The agreement between experimental results and simulations of both NLCME and NLSE
confirms that this experimental geometry can be well described by the NLSE. Therefore, one
can apply the results obtained for NLSE to describe (at least qualitatively) the propagation of
higher-order solitons in Bragg gratings, though no rigorous theory based on full NLCME for
higher-order Bragg solitons has been developed to date.

Standard NLSE theory for solitons predicts that a N = 1 soliton maintains its shape and
spectrum as it propagates through a nonlinear dispersive medium [4]. Besides the fundamen-
tal soliton, the NLSE generally has higher-order soliton solutions. At input powers corre-
sponding to integer values of N, the soliton restores its shape and spectrum periodically at the
characteristic length scale z0 = ( p /2)LD [39, 44]. In general, higher-order solitons evolve
through many different stages including compression and various splittings. However, any N
$ 2 soliton always go through an initial compression at the beginning of each period. A sim-
ple estimation of the maximum compression ratio can be obtained from an approximate rela-
tion between the compression factor and an initial pulse amplitude (N)

C < 4.6(N 2 1). (34)

This relation is accurate to within 10% for 2 # N , 15 [46]. For integer values of N, the
inverse scattering method can be used to find the optimum compression factor and the opti-
mum length of the compressor [4]. Note that for noninteger values of N, the pulse shape and
spectrum at z = z0 are different from those at z = 0.

Temporal and spectral evolution of higher-order solitons can be understood by consider-
ing the mutual interplay between SPM and GVD. Self-phase modulation generates a positive
frequency chirp and extra bandwidth, while negative GVD compensates for the SPM-induced
chirp and compresses the pulse. As the SPM-induced chirp is only linear near the central
frequency of the pulse, only the central portion of the pulse is compressed. Therefore, the

Fiber Grating Pulse Compression Schemes 407

Figure 14. Schematic of Bragg soliton-effect compressor. For N , 0.5, the transmitted pulse is
broadened due to the strong GVD of the grating and for N $ 2, the pulse undergoes a periodic
evolution associated with higher order solitons.
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408 B. J. Eggleton et al.

Figure 15. Experimental results of nonlinear pulse propagation in apodized fiber Bragg grating. (a)
Intensity versus time after propagation through the grating at a peak intensity of 13 GW/cm2, for
several different values of the detuning and (b) width of transmitted pulse; (i) experimental, (ii)
calculated using NLCME, and (iii) calculated using NLSE.
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compressed pulse is accompanied by a significant pedestal. Another limitation is that modu-
lation instability leads to pulse decay before the optimum self-compression is achieved.

Soliton-compression effect is illustrated using as an example propagation of a N = 2 soli-
ton in an apodized fiber grating. It will be shown that the compressed pulse shown by the
dashed line in Figure 15a approximately corresponds to a N = 2 soliton for the set of parame-
ters in the experiment. The optimum compression length in this case occurs at z = z0 /2 and the
maximum compression factor is 4 [47]. In order to observe a compressed pulse at the output
for our grating, one should choose the parameters so that  z0 /2 < L. Note that z0 does not
depend on N. Requiring  z0 /2 = L = 7.5 cm, from eq. (22), one obtains b 2 = 2 215 ps2/cm,
which corresponds to the detuning d < 10.85 cm 2 1. Then, using eq. (20), it is estimated that
the input intensity necessary to launch a N = 1 soliton is Iout = 3.2 GW/cm2. The two-soliton
threshold is a factor of (1.5)2 larger than this, i.e., roughly 7.2 GW/cm2 and the intensity of N
= 2 soliton is 4Iout < 13 GW/cm2. Figures 15a and b show that maximum compression occurs
at detunings , 11 cm 2 1 and the FWHM of the compressed pulse is , 20 ps, which corre-
sponds to a compression factor of 4, in good agreement with the theoretical predictions.

Bragg soliton effect compression is a simple method for achieving picosecond pulse
compression that utilizes only a single apodized Bragg grating. Because the dispersion is fre-
quency dependent, the compression ratio can easily be controlled simply by varying the para-
meters of the grating, e.g., by application of strain or temperature. It has the disadvantage that
the compressed pulse is accompanied by a pedestal. In the next section, a compression scheme
is presented that utilizes only one grating and can produce clean pulses.

Adiabatic Bragg Soliton Compression

Principle

A novel technique for optical pulse compression makes use of “soliton robustness” in optical
fibers in which the dispersion decreases along the direction of propagation in the fiber [48,
49]. As discussed in the first section, the principle of adiabatic soliton compression is that if
the dispersion varies slowly enough (i.e., the variations are adiabatic), a soliton self-adjusts
to maintain the balance between dispersion and nonlinearity. This principle may be used to
manipulate and adjust a soliton shape and “trajectory” resulting in a reduction in the pulse
width—hence the term adiabatic compression.

As with most pulse-shaping techniques using optical fiber, the low fiber dispersion leads to
large dispersion lengths and long fiber lengths for picosecond pulses. A larger dispersion would
lead to a decrease in LD and a corresponding reduction in the size of the fiber-based device. As
discussed earlier, periodic media (including fiber Bragg gratings [FBGs] and photonic band gap
structures) have an associated large dispersion in the spectral region close to the reflection band
of the medium. Furthermore, dispersion “engineering” is simpler since different gratings can be
easily cascaded or chirped making the effective dispersion much easier to handle, compared to
splicing many different fibers or making a fiber with an axially tapered core. FBGs have a num-
ber of further advantages. By straining or heating the grating parameters such as the center wave-
length, the grating chirp and thus the dispersion profile may be adjusted [50–52].

In this section, adiabatic soliton compression is discussed using a nonuniform Bragg grat-
ing. The principle is illustrated in Figure 16, which shows a dispersion-decreasing structure
(i.e., a nonuniform FBG) being used to achieve adiabatic soliton compression in typical length
FBGs. We extend the NLSE description outlined in a previous section to allow for axial
variations in the GVD and the nonlinearity. This technique allows for describing pulse evo-
lution and compression in a structure possessing strong position-dependent dispersion, such
as a nonuniform Bragg grating. This model is used to derive design equations for com-
pressing picosecond pulses and, in particular, in considering the adiabatic condition.

Fiber Grating Pulse Compression Schemes 409
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Numerical simulations using the NLCME, which describe propagation in such structures,
confirm the predictions made by this model.

Nonlinear Propagation in Nonuniform Bragg Gratings

In this section a simple model for adiabatic soliton compression in a nonuniform FBG is
established using the NLSE with z-dependent coefficients. Once again, it is emphasized that
this description is only an approximation valid under certain circumstances. A more complete
description based on a modified NLSE has been recently developed [53]; however, it is
beyond the scope of this paper. Following [8] the NLSE is written

(35)

This equation allows for varying quadratic dispersion (second term), varying effective area,
and hence effective nonlinearity (third term). Using eq. (20), the following condition is
obtained for maintaining N = 1 soliton in a nonuniform Bragg grating

(36)

where b 2
eff is an effective GVD defined to include the frequency dependence of both b 2 eq.

(14) and G eq. (18)

(37)

In the following, normalized quantities are used to conform to the notation introduced in [8].
By using the transformations

(38)Y 5 A z G z b 2 z ,

n 5
1

r 0
2  #

z

0

 b 2 z9 dz9

b 2
eff z 5 2

2 k 2 z d

V2 2 d 2 1 k 2 z d 2 2 k 2 z
 .

ES 5
p n2

Aeff k
 

r z

b 2
eff z

5 1,

i 
qA

qz
2

b 2 z

2
 
q2A

dt2 1 G z A2 A 5 0.
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Figure 16. Schematic illustration of an adiabatic Bragg soliton compressor based on an apodized
FBG with an index modulation that decrease linearly along the grating. The shaded region shows
the top band region as a function of position along the fiber. The detuning of the pulse center
frequency relative to the Bragg frequency is constant in this example.
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where t 0 is the input pulse width and b 2 is assumed negative, one can now write eq. (35) as

(39)

for decreasing GVD and nonlinearity a(j ) representing an effective gain. In this case, where
only the dispersion and nonlinearity vary and there is no loss or gain in the fiber, this gain term
is given by

(40)

As in [8] the total integrated gain is also defined

(41)

which in this case reduces to

(42)

This simplification means that the total effective gain depends only on the value of the effec-
tive dispersion at the endpoints. Furthermore, since u b 2

eff(z)u /t (z) must remain constant, Weff

also gives the total pulse compression ratio making it one of the key parameters in this
scheme. Note that the compression factor depends only on the “endpoints” and is independent
of the exact functional form of the dispersion, as long as the process is adiabatic along the
entire propagation length. The change in dispersion has to be gradual enough such that the
fundamental soliton is maintained and energy lost to continuum radiation is negligible.

For the compression process to be adiabatic, it is required that the gain coefficient g is
small enough ( a LD , , 1), so that little amplification occurs over LD. If a(j ) varies slowly
with j , it can be averaged over the grating length. From eq. (41) Weff = e2aL, which implies the
adiabatic condition

(43)

From this expression it is concluded that satisfying the adiabatic condition requires one or
more of the following: large lengths, short input pulses, large input dispersion. The pulse
width at the grating output can now be written as

(44)

where Weff represents the compression factor.
These results may now be used for designing nonuniform FBGs adiabatic soliton com-

pressors. As pointed out earlier, cubic dispersion needs to be considered, and in general, one
will operate at a detuning where F is large, such that the above results are a good approxima-
tion. In the next section, the effects of cubic dispersion in our numerical simulations are inves-
tigated and one will restrict oneself to the case of varying index modification only while
keeping the detuning constant (see Figure 16). The simplest case is a linearly decreasing cou-
pling coefficient k (z), and since d is fixed, a linear function result given by

(45)k z 5 k 0 1 k L 2 k 0  
z

L
 ,

r L 5
r 0

Weff L
 ,

LD

2L
 ln Weff L ½ 1.

Weff z 5
b 2 0

b 2 z
 
G z

G 0
5

b 2
eff 0

b 2
eff z

 .

Weff n 5 exp 2 #
n

0

 a n 9 d n 9 ,

a n 5
2 qb qn

2 b
1

qG qn

2 G
; 2

1

2 b 2
eff 

qb 2
eff

qn
 .

i 
q Y n , r

qn
1

1

2
 
q2 Y n , r

d r 2 1 Y n , r 2 Y n , r 2 i a n Y n , r 5 0,
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where L is the FBG length. The corresponding compression factor according to eq. (42) is

(46)

Note again that this result for the compression factor does not depend on the functional form
of k (z) and will be the same for any function k (z) with the same initial and final points, as long
as the adiabatic condition is satisfied, as was explained earlier. The second relevant parame-
ter is the integrated dispersion. Using eq. (38) and performing the integration one finds [20]

(47)

The integrated dispersion, j , is proportional to and the proportionality factor f( k , d ) [20].
The adiabatic condition, as described in eq. (43), however, implies a lower limit on . 

The constraints on j and mean that the above prefactor f has to be made suitably
small. This can be done by choosing k and d correctly.

This section is concluded with the following observations. First, the compression factor
and adiabatic condition are functions of k (0) and k (L) only. Second, the scaling parameter

depends additionally on the difference k (0) 2 k (L) [20] and determines the relation
between the grating length and input pulse width. Since FBGs are currently limited to lengths
on the order of 1 m, there is an upper limit on the input pulse width.

Numerical Examples

Next a numerical example is presented with a compression factor of , 3 and higher-order
dispersion effects are minimized. The split step Fourier scheme is first used, where at each
step one inserts the value of the quadratic and cubic dispersion at that position. Results are
compared with the numerical solution of the NLCMEs. In this example a linear variation is
used in the refractive index modulation. The Bragg wavelength in this example is set to
1.550 m m. The initial and final coupling constant is k (0) = 81.07 cm 2 1 and k (L) = 48.64
cm 2 1, respectively. The detuning parameter is chosen to be twice the initial coupling con-
stant: d = 2k (0) = 162.14 cm 2 1. The GVD at the endpoints may now be calculated and give
b 2(0) = 2 5.546 ps2/cm and b 2(L) 1 2 1.494 ps2/cm. Similarly, one can calculate the cubic
dispersion at the endpoints, where b 3(0) = 6.613 ps3/cm and b 3(L) = 1.468 ps3/cm. The grat-
ing is assumed to be apodized and 1 m long (L = 100 cm). For the NLCME simulation, 2.5
mm long apodized regions were included at the ends of the grating, adding a negligible non-
linear phase shift of less than 0.1 radians. For the input field one uses a fundamental soli-
ton with a field distribution given by E = A0 sech(t/t 0) with t 0 = 10 ps. With a center
wavelength of l = 1.546 m m, which is detuned from the Bragg wavelength, one finds the
required input intensity to be I , 5.9 GW/cm2. Assuming an effective mode area of Aeff =
20 m m2, one calculates a corresponding input peak power of P = 1.2 kW peak power and
an energy of 24 nJ, for a sech pulse.

From eq. (46) and the above values of the quadratic dispersion one expects a com-
pression factor of , 3.1. In this case aLD , 0.1 and the adiabatic condition (see eq. (43))
is easily met. Finally, the F parameter at the input and output is , 8 and , 3, respectively.
Figure 17 shows the result of the NLSE simulation with and without the effects of cubic
dispersion, and the inset shows the evolution of the pulse in the grating. As can be seen,
the pulse evolution is smooth and there is no visible degradation caused by the cubic dis-
persion.

L r 0
2

L r 0
2

L r 0
2

L r 0
2
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In the second simulation the same parameters are used to numerically solve the NLCME
for this nonuniform grating. Figure 18 shows a comparison of the results from both simula-
tions as well as the analytic result, which ignores the cubic dispersion. As can be seen, the
compression is of high quality in all cases. In both simulations one finds a dip in the center of
the spectrum, which does not seem to impact the quality of the compressed pulse in the time-
domain, but indicates that the compressed pulse is not a perfect N = 1 soliton. This “imper-
fection” shows up in the time-domain as a very small pedestal (not visible on a linear scale)
and may be caused by finite radiation coupled to the continuum.

High Repetition Rate Pulse-Train Source

Finally, a high-repetition-rate soliton source is presented based on adiabatic compression of
a signal created by beating two CW lasers together and propagating this beat signal in a
nonuniform fiber Bragg grating (see Figure 19 for a schematic representation). As the signal
propagates through the grating, whose index modulation depth decreases along its length, it
is reshaped into a train of solitons through adiabatic compression, as was discussed in the pre-
vious section [54]. The repetition rate of the output pulse train is given by the frequency sep-
aration between the spectral components creating the signal [54].

Although the simple analytical model developed in a previous section assumes that the
input pulses are solitons, it predicts the width of compressed soliton-like pulses even if the
input signal is sinusoidal and it also provides conditions for adiabatic compression.

Fiber Grating Pulse Compression Schemes 413

Figure 17. Simulation of adiabatic soliton compression in a 100 cm long grating with cubic
dispersion (solid line) and without cubic dispersion (dash-dotted line). The input pulse (dashed line)
is a fundamental soliton with pulse width of 17.6 ps. See text for other parameters. The inset shows
the soliton evolution along the grating.
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The optical beat signal can be obtained from a laser operating simultaneously in two lon-
gitudinal modes, by using two distributed feedback semiconductor lasers, each operating in a
single longitudinal mode; or by phase modulating a single CW laser and beating one pair of
sidebands [55]. Coherent beating between the two modes generates a sinusoidally modulated
optical signal such that

A(t, 0)=A0 sin( p t/TS), (48)

where TS = (D v)2 1 is the modulation period for a frequency spacing of D v. A fiber grating is
again considered whose coupling coefficient is linearly varying along the length of the grat-

414 B. J. Eggleton et al.

Figure 19. Generation of a high-repetition rate soliton train based on adiabatic Bragg soliton
compression in a nonuniform Bragg grating.

Figure 18. Comparison of analytic result (solid line) numerical simulation using the split step
method (dashed line) and the numerical solution of the nonlinear coupled-mode equations (dotted
line). In all cases, the launched intensity profile was sech2 (t/10) with t in picoseconds. The peak
intensity was 5.93 GW/cm2 for the first two cases and 5.5 GW/cm2 for the second case.
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ing and of the general form of eq. (45). Numerical simulations of NLCMEs are now per-
formed. As an example, one considers propagation of a 40-GHz sinusoidal signal with TS =
25 ps and Iout = 7.04 GW/cm2 through a 70-cm-long apodized fiber grating. The k profile is
given by eq. (45) with k (0) = 80 cm 2 1, k (L) = 38.3 cm 2 1, d = 160 cm 2 1 so that Weff = 5. Since
a LD < 0.1 for this choice of parameters, the adiabatic-compression condition is reasonably
well satisfied. Figures 20 and 21 show pulse shapes and spectra, respectively, at the input
(upper plot) and output (lower plot) ends of the grating. These results show that as the 12.5-
ps sinusoidal waveform evolves, each half-cycle is compressed by a factor of about 4.8 to
become 2.6 ps soliton-like pulses. This behavior is in good agreement with the prediction of
our simple analytic theory [54]. Note that each pulse in the generated train contains a very
small pedestal, which is not visible on a linear scale. The origin of the pedestal may be related
to the fact that the compression is not perfectly adiabatic, resulting in an asymmetric spectrum
as seen in Figure 21. The time-bandwidth product for each pulse in the train is found to be
about 0.34 (FWHM) compared to 0.315 for a soliton, which means that the pulses are very
close to transform-limited. Finally, note that in this example, the ratio between the soliton sep-
aration and soliton pulse width is 9.6. Since the pulses are widely separated, neighboring soli-
tons practically do not interact with each other [56].

Discussion

To summarize this section, it has been shown that dispersion-decreasing FBGs allow for adi-
abatic soliton compression in very short sections of fiber, leading to a novel all-fiber com-
pression device. Because the dispersion of the grating is easily tailored during the writing
process, this device is highly versatile—it does not require specialty fiber and does not require
the splicing together of many different fibers to achieve the desired dispersion profile. Also
proposed has been a high-repetition-rate soliton-train source based on a dual-frequency sig-
nal being reshaped into a train of soliton-like pulses as it is compressed adiabatically during
its propagation along the grating.

The main shortcoming of this compression scheme comes from the inherent high cubic
dispersion, which ultimately limits the compression factor. Our simulations show that factors
of 10 are easily achievable for , 20 ps (FWHM) pluses in , 150 cm gratings. Adiabatic com-
pression of Bragg solitons, represented by the A&W solitary wave solutions [35], may over-
come this limitation, since all orders of dispersion are implicitly balanced. At present, the
manufacturable length of FBGs limits the input pulse width to a few tens of picoseconds;
however, the rapidly improving FBG technology may extend this range considerably. The
short compression length comes at a price of high-input intensity making these compressors
very useful for high-power YAG-type systems. Using high-n2 fiber, however, will scale the
intensity down by at least two orders of magnitude making this compressor useful for many
other laser systems.

Implicit in the NLSE description of adiabatic Bragg soliton compression is that the veloc-
ity of the evolving soliton was assumed to be invariant. Clearly, this cannot be the case in a
grating in which the dispersion is varying with position. In these examples the soliton veloc-
ity accelerates by as much as 5%. In spite of this, the agreement was still very encouraging.

Discussion and Conclusion

A review of optical pulse compression and ultrashort pulse generation techniques has been
presented that use nonlinear Bragg grating structures. The optical pulse compressors and
generators that have been considered here are based on apodized fiber Bragg gratings that
operate in transmission. By utilizing the strong GVD of Bragg gratings, as well as highly

Fiber Grating Pulse Compression Schemes 415
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nonlinear material such as chalcogenide, one can realize compact and efficient pulse com-
pressors. Several different schemes were proposed and analyzed.

To summarize, the linear Bragg grating compressor relies only on the GVD of the grating
to compress a pulse spectrally broadened and chirped only by SPM, in a separate component.
The degree of compression in this case can be large, but the quality is not perfect because of
the nonlinear chirp associated with SPM. Second, the Tomlinson Bragg grating compressor
uses both the strong GVD and the Kerr nonlinearity of a fiber Bragg grating [19] to increase
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Figure 20. Input sinusoidal (upper plot) and soliton train generated at the grating output (lower
plot).
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the bandwidth and simultaneously linearize the chirp of the pulse. A second grating then acts
as a chirp compensator (i.e., removes the mostly linear chirp). The pulse quality in this case
is thus very good but the scheme requires two components. Third, Bragg soliton-effect com-
pression was described, whereby a transform limited pulse undergoes an initial narrowing
phase, through which all higher order solitons go before the initial soliton shape is restored
after one soliton period fiber. This compression scheme  has the advantage of it requiring

Fiber Grating Pulse Compression Schemes 417

Figure 21. Input dual-frequency signal spectrum (upper plot) and output spectrum of the soliton
train (lower plot).
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only one unchirped grating; however, the pulse quality is not high. Finally, a pulse com-
pression scheme was described based on adiabatic soliton compression using a nonuniform
grating in which the GVD decreased along the grating. This scheme has the advantage of
requiring one component (i.e., one grating) and results in a clean transform limited pulse.

Finally, it should be noted that structures other than FBGs may be used for this com-
pression scheme, such as deep-etched gratings with large D n or other types of photonic crys-
tals, where the structures’ parameters may easily be controlled.

References

11. Diels, J.-C. and W. Rudolph. 1998. Ultrashort laser pulse phenomena, 1st ed. New York:
Academic Press.

12. Ouellette, F., J. F. Cliche, and S. Gagnon. 1994. All-fiber devices for chromatic dispersion
compensation based on chirped distributed resonant coupling. Journal of Lightwave Tech-
nology 12: 1728–1738.

13. Mollenauer, L. F., R. H. Stolen, and J. P. Gordon. 1980. Experimental observation of
picosecond pulse narrowing and solitons in optical fibers. Physics Review Letters 45:
1095–1098.

14. Agrawal, G. P. 1989. Nonlinear fiber optics. San Diego: Academic Press.
15. Tomlinson, W. J., R. H. Stolen, and C. V. Shank. 1984. Compression of optical pulses by

self-phase modulation in fibers. Journal of Optical Society of America B. 1: 139–143.
16. Fork, R. L., C. H. B. Cruz, P. C. Becker, and C. V. Shank. 1987. Compression of optical

pulses to six femtoseconds by using cubic phase compensation. Optics Letters 12: 483–485.
17. Stolen, R. H., L. F. Mollenauer, and W. J. Tomlinson. 1983. Observation of pulse restora-

tion at the soliton period in optical fibers. Optical Letters 8: 186–188.
18. Chernikov, S. V., and P. V. Mamyshev. 1991. Femtosecond soliton propogation in fibers

with slowly decreasing dispersion. Journal of Optical Society of America B., 8: 1633–1641.
19. Kashyap, R. 1999. Fiber Bragg gratings, 1st ed. New York: Academic Press.
10. Russell, P. S. J. 1991. Bloch wave analysis of dispersion and pulse propagation in pure

distributed feedback structures. Journal of Modern Optics 38: 1599–1619.
11. Eggleton, B. J., T. Stephens, P. A. Krug, G. Dhosi, Z. Brodzeli, and F. Ouellette. 1996.

Dispersion compensation over 100 km at 10 Gbit/s using a fiber grating in transmission.
Electronics Letters 32: 1610–1611.

12. Litchinitser, N. M., B. J. Eggleton, and D. B. Patterson. 1997. Fiber Bragg gratings for
dispersion compensation in transmission: Theoretical model and design criteria for nearly
ideal pulse compression. Journal of Lightwave Technology 15: 1303–1313.

13. Eggleton, B. J., R. E. Slusher, C. M. D. Sterke, P. A. Krug, and J. E. Sipe. 1996. Bragg
grating solitons. Physical Review Letters 76: 1627–1630.

14. Asobe, M. 1997. Nonlinear optical properties of chalcogenide glass fibers and their appli-
cation to all-optical switching. Optical Fiber Technology 3: 142–145.

15. Scalora, M., R. J. Flynn, S. B. Reinhardt, R. L. Fork, M. D. Tocci, M. J. Bloemer, C. M.
Bowden, H. S. Ledbetter, J. M. Bendikson, J. P. Dowling, and R. P. Heavitt. 1996. Ultra-
short pulse propagation at the photonic bandgap edge: large tunable delay with minimal
pulse distortion. Physics Review E. 54: 1078–1082.

16. Conti, C., G. Assanto, and S. Trillo. 1998. Parametric gap solitons in quadratic media.
Optics Express 3: 389–404.

17. Taverner, D., N. G. R. Broderick, D. J. Richardson, R. I. Laming, and M. Ibsen. 1998.
Nonlinear self-switching and multiple-gap soliton formation in a fiber Bragg grating.
Optics Letters 23: 328–330.

418 B. J. Eggleton et al.



D
ow

nl
oa

de
d 

B
y:

 [I
ng

en
ta

 C
on

te
nt

 D
is

tri
bu

tio
n 

Ta
nd

F 
tit

le
s]

 A
t: 

21
:5

8 
11

 J
un

e 
20

08
 

18. Eggleton, B. J., G. Lenz, R. E. Slusher, and N. M. Litchinitser. 1998. Compression of
optical pulses spectrally broadened by self-phase modulation with a fiber Bragg grating
in transmission. Applied Optics 37: 7055–7061.

19. Lenz, G., B. J. Eggleton, and N. M. Litchinitser. 1997. Pulse compression using fiber
gratings as highly dispersive nonlinear elements. Journal of Optical Society of America
B. 14: 2980–2999.

20. Lenz, G. and B. J. Eggleton. 1998. Adiabatic Bragg soliton compression in nonuniform
grating structures. Journal of Optical Society of America B. 15: 2979–2985.

21. Strasser, T. A., P. J. Chandonnet, J. DeMarko, C. E. Soccolich, J. R. Pedrazzani, D. J.
Digiovanni, M. J. Andrejco, and D. S. Shenk. 1996. Presented at Optical Fiber Commu-
nications Conference.

22. Sipe, J. E., B. J. Eggleton, and T. A. Strasser. 1998. Dispersion characteristics of nonuni-
form Bragg gratings: Implications for WDM systems. Optics Communications 152:
269–274.

23. Sipe, J. E., L. Poladian, and C. M. d. Sterke. 1994. Propagation through nonuniform grat-
ing structures. Journal of Optical Society of America A. 11: 1307.

24. Hill, K. O., B. Malo, F. Bilodeau, D. C. Johnson, and J. Albert. 1993. Bragg gratings fab-
ricated in monomode photosensitive optical fiber by exposure through a phase mask.
Applied Physics Letters 62: 1035.

25. Martin, J. and F. Ouellette. 1993. Novel writing techniques of long in-fiber gratings. Elec-
tronics Letters 30: 811–812.

26. Dong, L., M. J. Cole, A. D. Ellis, M. Durkin, M. Ibsen, V. Gusmeroli, and R. I. Laming.
1997. 40 Gbit/s 1.55 µm transmission over 109 km of nondispersion shifted fiber with
long continuously chirped fiber gratings. Presented at Optical Fiber Communications
Conference, Dallas, Texas.

27. Malo, B., D. C. Johnson, F. Bilodeau, J. Albert, and K. O. Hill. 1995. Apodized in-fiber Bragg
grating reflectors photoimprinted using a phase mask. Electronics Letters 31: 223–225.

28. Sterke, C. M. d. and J. E. Sipe. 1994. Gap solitons. In Progress in optics 33, E. Wolf, ed.
Amsterdam.

29. Eggleton, B. J., C. M. d. Sterke, and R. E. Slusher. 1999. Bragg solitons in the nonlinear
Schroedinger limit: experiment and theory. Journal of Optical Society of America B. 16:
587–599.

30. Litchinitser, N. M., B. J. Eggleton, and G. P. Agrawal. 1998. Dispersion of cascaded fiber
gratings in WDM lightwave systems. Journal of Lightwave Technology 16: 1523–1529.

31. Eggleton, B. J., C. M. d. Sterke, A. B. Aceves, J. E. Sipe, T. A. Strasser, and R. E. Slusher,
1998. Modulational instabilities and tunable multiple soliton generation in apodized fiber
gratings. Optics Communications 149: 267–271.

32. Sterke, C. M. d. and B. J. Eggleton. 1999. Bragg solitons and the nonlinear Schroedinger
equation. Physics Review E. 59: 1267–1269.

33. Eggleton, B. J., C. M. d. Sterke, and R. E. Slusher. 1996. Nonlinear propagation in super-
structure Bragg grating. Optics Letters 21: 1223–1225.

34. Sterke, C. M. d., B. J. Eggleton, and P. A. Krug. 1997. High intensity pulse propagation
in uniform gratings and grating superstructures. Journal of Lightwave Technology 15:
2908–2993.

35. Aceves, A. B. and S. Wabnitz. 1989. Self-induced transparency solitons in nonlinear
refractive periodic media. Physics Letters A. 141: 37–42.

36. Peter, D. S., W. Hodel, and H. P. Weber. 1994. Compression of pulses spectrally broad-
ened by self-phase modulation using a fiber grating: A theoretical study of the compres-
sion efficiency. Optics Communications 112: 59–66.

Fiber Grating Pulse Compression Schemes 419



D
ow

nl
oa

de
d 

B
y:

 [I
ng

en
ta

 C
on

te
nt

 D
is

tri
bu

tio
n 

Ta
nd

F 
tit

le
s]

 A
t: 

21
:5

8 
11

 J
un

e 
20

08
 

37. Linde, D. V. d. 1973. Experimental study of single picosecond light pulses. IEEE Jour-
nal of Quantum Electronics QE-8: 328–338.

38. Kuizenga, D. J. and D. W. Phillion. 1973. Simultaneous Q-switching and modelocking in
the CW ND:YAG laser. Optics Communications 9: 221–226.

39. Stolen, R. H., J. Botineau, and A. Ashkin. 1981. Intensity discriminator of optical pulses
with birefringent fibers. Optics Letters 7: 512–514.

40. Eggleton, B. J., R. E. Slusher, J. B. Dudkins, J. B. Stark, and A. M. Vengsarkar. 1997. All-
optical switching in long-period fiber gratings. Optics Letters 22: 883–885.

41. Ahmed, K. A., B. J. Eggleton, H. F. Liu, P. A. Krug, and F. Ouellette. 1995. Simultaneous
mode selection and pulse compression of gain switched pulses from a Fabry-Periot laser
using a 40 mm chirped optical fiber grating. IEEE Photonics Technology Letters 7: 158–160.

42. Galvanauskas, A., A. Heany, and T. Erdogan. 1998. Use of volume chirped Bragg grat-
ings for compact high-energy chirped pulse amplification circuits. Presented at the Con-
ference on Lasers and Electro-Optics.

43. Williams, J. A. R., I. Bennion, and L. Zhang. 1995. Compression of optical pulse using
self-phase modulation and linearly chirped Bragg-gratings in fibers. IEEE Photonic
Technology Letters 7: 491–493.

44. Mollenauer, L. F., R. H. Stolen, and J. P. Gordon. 1980. IEEE Photonic Technology Let-
ters 45: 1095–1098.

45. Winful, H. G. 1985. Pulse compression in optical fiber filters. Applied Physics Letters 46:
527–529.

46. Akhmanov, S. A., V. A. Vysloukh, and A. S. Chirkin. 1992. Optics femtosecond laser
pulses. New York: AIP.

47. Mollenauer, L. F., R. H. Stolen, J. P. Gordon, and W. J. Tomlinson. 1983. Extreme
picosecond pulse narrowing by means of soliton effect in single-mode fibers. Optics Let-
ters 8: 289–291.

48. Chernikov, S. V., J. R. Taylor, and R. Kashyap. 1994. Experimental demonstration of step-
like dispersion profiling in optical fibre for soliton pulse generation and compression.
Electronics Letters 30: 433–435.

49. Mamyshev, P. V., S. V. Chernikov, and E. M. Dianov. 1991. Generation of fundamental
soliton trains for high-bit-rate optical fiber communication lines. IEEE Journal of Quan-
tum Electronics 27: 2347–2355.

50. Hill, P. C. and B. J. Eggleton. 1994. Strain gradient chirp of fiber Bragg grating. Elec-
tronics Letters 30: 1172–1174.

51. Eggleton, B. J., J. A. Rogers, P. B. Westbrook, and T. A. Strasser. 1999. Electrically tun-
able power efficient dispersion compensating fiber Bragg grating. IEEE Photonic Tech-
nology Letters 11: 854–856.

52. Lauzon, J., S. Thibault, M. J, and F. Ouellette. 1994. Implementation and characterization
of fiber Bragg gratings linearly chirped by temperature gradient. Optics Letters 19:
2027–2029.

53. Sterke, C. M. d. 1998. Propagation through apodized gratings. Optics Express 3:
405–410.

420 B. J. Eggleton et al.



D
ow

nl
oa

de
d 

B
y:

 [I
ng

en
ta

 C
on

te
nt

 D
is

tri
bu

tio
n 

Ta
nd

F 
tit

le
s]

 A
t: 

21
:5

8 
11

 J
un

e 
20

08
 

54. Litchinitser, N. M., G. P. Agrawal, B. J. Eggleton, and G. Lenz. 1998. High repetition rate
soliton-train generation using fiber Bragg gratings. Optics Express 3: 411–417.

55. Swanson, E. A., and S. R. Chinn. 1994. 23 GHz and 123 GHz soliton pulse train gener-
ation using two CW lasers and standard single mode fiber. IEEE Photonic Technology
Letters 6: 796–799.

56. Gordon, J. P. 1983. Interaction forces among solitons in optical fibers. Optics Letters 8:
596–598.

Biographies

Benjamin J. Eggleton received his Bachelor degree with Honors in Physics from the Uni-
versity of Sydney in Sydney, New South Wales,Australia. His Ph.D. was received in the School
of Physics and the Optical Fiber Technology Center in the Australian Photonics Cooperative
Research Center, at the University of Sydney, in 1996. His doctoral research focused on linear
and nonlinear effects in fiber gratings. He was awarded the 1998 Adolph Lomb Medal from the
Optical Society of America for his work on nonlinear propagation effects in photonic bandgap.
He joined the Department of Optical Physics at Bell Laboratories, Lucent Technologies, in
Murray Hill, NJ, in 1996. In July 1998, he joined the Optical Fiber Research Department at
Bell Laboratories, as a member of technical staff. His research interests include nonlinear
optics, solitons, fiber optics, fiber gratings and photonic bandgap structures, all-optical switch-
ing devices, and dispersion compensation techniques in WDM lightwaves systems.

G. Lenz received his B.Sc. and M.Sc. in Electrical Engineering from the Technion-Israel
Institute of Technology in 1988 and 1990, respectively. In 1995 he received his Ph.D. degree
in Electrical Engineering from the Massachusetts Institute of Technology. In 1996 he joined
Bell Labs as a postdoctoral fellow in the department of Planar Lightguide Circuits and in 1997
he became a member of technical staff in the Department of Optical Physics Research, where
he has been ever since. His current interests include nonlinear optical materials for ultrafast
all-optical switching, nonlinear phenomena in periodic structures, high-speed optical com-
munication, and optical filters in WDM systems.

Natalia M. Litchinitser received her M.S. degree in Physics from Moscow State Uni-
versity, Moscow, Russia, in 1993 and her Ph.D. degree from the Illinois Institute of Technol-
ogy, Chicago, IL, in 1997. She joined the Institute of Optics at the University of Rochester, in
Rochester, NY, as a Postdoctoral Fellow in 1997. Her research interests include nonlinear and
fiber optics, photonic bandgap structures, dispersion compensation in fiber-optic communi-
cation systems, short pulse generation, and compression.

Fiber Grating Pulse Compression Schemes 421


