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A novel technique to generate ultrashort fundamental solitons is proposed and demonstrated numerically.
The technique utilizes both the multisoliton pulse-compression effect and the switching characteristics of a
nonlinear optical loop mirror constructed from dispersion-decreasing fiber. We show that, in contrast to the
conventional soliton-effect pulse compression in which compressed pulses are always accompanied by broad
pedestals, the proposed technique can completely suppress pulse pedestals, and the compressed pulses propa-
gate like fundamental solitons. Unlike the adiabatic-compression technique based on dispersion-decreasing
fibers that are limited to input pulse widths <5 ps, the proposed technique does not require the adiabatic con-
dition and therefore can be used to compress long pulses by use of reasonable fiber lengths. Furthermore, the
scheme is more tolerant of initial frequency chirps than the adiabatic-compression technique, and it is shown
that positive chirps are beneficial to ultrashort soliton generation. The influences of higher-order effects such
as Raman self-scattering and third-order dispersion on soliton generation are also investigated, and it is found
that Raman self-scattering can significantly enhance pulse compression under certain conditions. © 2003 Op-
tical Society of America
OCIS codes: 060.4370, 190.5530, 320.5520, 320.5540, 060.1810.
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be used as long-distance information carriers because the

Soliton-based communication systems are leading candi-
dates for ultra-high-speed long-haul lightwave transmis-
sion links because they offer the possibility of a dynamic
balance between group-velocity dispersion (GVD) and
self-phase modulation, the two effects that severely limit
the performance of nonsoliton systems.! To date, soliton
transmission experiments at 160 Gbits/s over 10 000 km
have been successfully demonstrated.? One of the key el-
ements of the system is a source of transform-limited
pulses that are a few picoseconds wide. An attractive
method for producing such short pulses is to make use of
the nonlinear properties of the optical fiber itself in order
to compress pulses generated from semiconductor lasers.
Two widely adopted techniques are the soliton-effect®®
and adiabatic® ' pulse-compression techniques.

The mechanism of soliton-effect pulse compression is
related to a fundamental property of the higher-order
solitons in optical fibers. These solitons follow a periodic
evolution pattern such that they go through an initial
narrowing phase at the beginning of each period. With
an appropriate choice of the fiber length, the pulse can be
made to exit the fiber where it is narrowest. The draw-
back of the technique is that the quality of the com-
pressed pulse is rather poor since a significant proportion
of the pulse energy is contained in a broad pedestal rather
than the compressed spike. For a pulse-compression fac-
tor of 60, up to 80% of the pulse energy is contained in the
pedestal component.? These compressed pulses cannot
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pedestals will lead to intersymbol interference.

Several techniques for pulse pedestal suppression have
been implemented successfully. One of them is the inten-
sity discrimination technique,'*'2 in which the fiber non-
linear birefringence induced by an intense pulse is used to
modify the shape of the same pulse. As a result, the low-
intensity tails of a pulse are blocked while the peak of the
pulse is allowed to pass. Another technique!®~16 for ped-
estal suppression is to utilize a nonlinear optical loop mir-
ror (NOLM). A NOLM can self-switch if a symmetry-
breaking element such as an attenuator or an amplifier is
placed in the loop. Counterpropagating pulses will
therefore acquire different nonlinear phases. At recom-
bination in the coupler, both reflected and transmitted
outputs are produced. Since the transmission is inten-
sity dependent, the loop length can be chosen such that
the low-intensity pedestal is reflected while the higher-
intensity pulse peak is transmitted, resulting in a
pedestal-free transmitted pulse. However, the ability of
both techniques to suppress the pedestal in the femtosec-
ond region is severely limited by higher-order effects such
as Raman self-scattering (RSS) and third-order disper-
sion (TOD) because, in general, the compressed pulses
have to propagate through a relatively long fiber. Be-
sides increasing the pulse width and reducing pulse en-
ergy, higher-order effects also severely degrade pulse
quality in pedestal suppression of femtosecond pulses
with a NOLM." Simultaneous pulse compression and
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pedestal suppression with NOLMs have also been
demonstrated.!”2! However, to our knowledge, no soli-
tons were generated by this compression technique. Ref-
erences 17 and 18 showed the possibility of pulse com-
pression by a NOLM containing an asymmetric coupler
and a piece of uniform fiber!” or a NOLM constructed
from two different fibers with a symmetric coupler,'® but
the general optimization criteria for pulse compression
were not studied. In Ref. 19, the transmitted pulses
have strong frequency chirps. In order to realize pulse
compression, an additional length of dispersion-
compensated fiber must be spliced to the output end of
the NOLM for chirp compensation. References 20 and 21
studied in detail higher-order soliton compression in an
unbalanced NOLM constructed from a uniform fiber,
where, although simultaneous pulse compression and
pedestal suppression were achieved, the compressed
pulse shapes deviate significantly from that of a soliton
(see Fig. 3 of Ref. 20 and Fig. 2 of Ref. 21). The reason is
that the loop length was optimized to achieve the maxi-
mum compression factor? or the maximum compression
of the clockwise-propagating pulse.?! These optimization
criteria were not appropriate to produce compressed soli-
tonlike pulses.

Pulse compression with minimal or no pedestal compo-
nent can be achieved by the adiabatic technique. Com-
pressed fundamental solitons have been obtained experi-
mentally by use of dispersion-decreasing fibers®1°
(DDFs), steplike?? or comblike?® dispersion-profiled fibers,
and constant-dispersion fibers with  distributed
amplification.?* The compression mechanism is based on
the fact that a small variation, such as second-order dis-
persion or amplification, perturbs the equilibrium be-
tween dispersion and nonlinearity of a soliton in such a
way that, when, for example, the dispersion decreases,
the soliton is compressed. The main advantages of this
technique is the ability to generate femtosecond solitons
with input power significantly lower than that for soliton-
effect pulse compression. The main drawback is that
very long lengths of fiber are required when the input
pulse width exceeds several picoseconds. It was shown®
that, for a 10-ps input pulse, the required fiber length in-
creases to 20 km. With such long fibers, loss will signifi-
cantly reduce the effective amplification provided by the
decreasing dispersion. Although several methods®2°~27
have been used to overcome this difficulty, the decreases
in fiber length were not significant.

In this paper, we demonstrate that ultrashort soliton-
like pulses can be generated through higher-order soliton
compression in a NOLM constructed from a dispersion-
decreasing fiber (DDF) (hereafter, we call it DD-NOLM).
Unlike the adiabatic-compression technique that is lim-
ited to input pulse widths <5 ps, the proposed scheme
does not require the adiabatic condition and therefore can
be used to compress a longer pulse with reasonable fiber
lengths. Furthermore, the proposed scheme is more tol-
erant of initial frequency chirps and higher-order effects
than the adiabatic-compression technique. This scheme
is distinct from that of Refs. 20 and 21 not only in the
NOLM structure but also in the optimization criteria for
pulse compression. We note that previous work on a DD-
NOLM focused on the switching characteristics of the
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device.?>2 A DD-NOLM was also used as an intensity-
dependent transmission element in a passively mode-
locked fiber laser,®® but the mode locking was based on
adiabatic pulse compression in the loop in which the loop
length increases exponentially with input pulse width.

2. ADIABATIC COMPRESSION OF
FUNDAMENTAL SOLITONS IN
DISPERSION-DECREASING FIBER

Before we investigate pulse compression in a DD-NOLM,
it is useful to discuss the adiabatic compression technique
based on DDF. This technique differs from the soliton-
effect compression in that fundamental solitons rather
than higher-order solitons are launched into the fiber.
Pulse compression is achieved by manipulating the stabil-
ity of these pulses to weak perturbations such as gain or
dispersion. In the case of a fundamental soliton propa-
gating along a DDF, the dispersion is monotonically and
smoothly decreased from an initial value to a smaller
value at the fiber end. If the dispersion variation is suf-
ficiently gradual, the input soliton will be compressed
adiabatically. Including fiber loss and higher-order ef-
fects, compression of fundamental solitons in a DDF can
be described by a modified nonlinear Schrodinger equa-
tion, which, in normalized coordinates, takes the form?!

u 1 Ju )
i— + — — + |u|®u + il'u
P Jul
Pu I dlul?
=i16— — is—(|u|*u) + Tpu , (D
s (97-(| |*u) RU

where u(¢, 7) is the normalized pulse envelope in soliton
units and

2|B2(0)] t —zlvg Ba(§)
B T2 , T T, P = B2(0)|”
(2)
6|,32(0)|T0, ono,
Tr a T3
TR = T—O, r= Em (3)

In Eqgs. (2) and (3), B5(0) is the initial GVD coefficient of
the DDF, B3 is the TOD coefficient that is assumed to be
constant along the DDF, v, is the group velocity, w is the
carrier frequency, 7T, 1is the half-width (at the
1/e-intensity point) of the input pulse, Tp is the Raman
resonant time constant (typically 3 fs for ordinary silica
fibers), p(&¢) governs the GVD variation along the DDF,
and « is the attenuation constant. The parameters 4, s,
and 75 account for the effects of TOD, self-steepening, and
RSS, respectively.

For a DDF of normalized length &; , the ratio of input
to output GVD coefficients,

Ger = B2(0)/Bs(ér), 4)

is commonly called the effective amplification of the fiber.
Very high effective amplifications (B9(&;) =~ 0) cannot be
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realized in practice because of the inherent small disper-
sion fluctuations associated with the manufacturing pro-
cess, the wavelength dependence of the GVD coefficient,
and the small fluctuations in the wavelength of the laser
source. The maximum effective amplification was ~20
for soliton compression in DDFs.”832

If the input to the DDF is a fundamental soliton of the
form

u(0, 7) = A sech(A7), (5)

and the dispersion variation along the DDF is sufficiently
gradual, it has been shown®??3 that the soliton will be
compressed to

u(ér, 1) = VGerA exp(—2I'¢ér)sech[ G A exp(—21'¢;) 7]
A2
X exp ig[l — exp(—4Té&)]y, (6)

in the absence of higher-order effects after a normalized
length &; .
In the ideal case (I' = 0), Eq. (6) reduces to

w(éy, 1) = VGegA sech(G A 7)exp(iA2£,/2).  (7)

We define the compression factor, F',, as the ratio of the
full width at half-maximum (FWHM) of the input soliton
to that of the compressed soliton. Then from Egs. (5) and
(7), the compression factor in the ideal case is equal to
G ., and the soliton intensity is amplified by a factor of
G-

For a hyperbolic-secant pulse with peak power P,
and pulse width Tpwimy, its energy is given by

B = 2p, ®)
peak 1 763

Adiabatic compression means that all the energy of the
pulse remains localized in the compressed pulse. From
Egs. (5) and (7), the compression is adiabatic, since the
energy contained in the compressed soliton is equal to
that of the input soliton.

Fiber loss leads to pulse broadening. From Eq. (6), the
final compression factor is now given by

Fc = Geffexp(_zrgL), 9)

i.e., F', is reduced by a factor of exp(2I'¢). For example,
we consider the compression of a soliton with initial
width of Tewum = 10ps (T = 5.67ps). The DDF is
assumed to have an initial GVD coefficient of
B2(0) = —20ps?/km and an effective amplification of
G = 20. Fiber loss is given by a = 0.046 km™!
(I' =0.037). A typical normalized DDF length of
& = 10 should be used to ensure a gradual dispersion
variation along the DDF such that the compressed pulse
has a high quality.>?? Thus from Eqgs. (2) and (9), the
DDF length is 16 km and the compression factor is re-
duced by a factor of 2. Note that both the fiber length
and the loss parameter I' increase exponentially with in-
put soliton width. For Tewgym > 20 ps, the DDF length is
longer than 64 km, and the soliton ceases to compress.
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3. HIGHER-ORDER SOLITON
COMPRESSION IN DD-NOLM

In Section 2, it was shown that high-quality compression
of fundamental solitons can be achieved with the
adiabatic-compression technique. However, the required
fiber length increases exponentially with the initial soli-
ton width, and the compression factor is decreased by fi-
ber loss. Thus the adiabatic-compression technique is
generally not suitable for compression of pulses longer
than 5 ps. On the other hand, higher-order soliton com-
pression in a fiber line can achieve large compression fac-
tors with very short fibers, but the pulse quality is poor.
In this section, we show that the difficulty can be over-
come through higher-order soliton compression in a DD-
NOLM. We also show that this scheme is more tolerant
of initial frequency chirps and higher-order effects than
previous compression techniques.

A. Demonstration of the Technique

Figure 1 shows the configuration of the DD-NOLM, which
consists of a 50/50 coupler and a DDF with the dispersion
coefficient decreasing in the clockwise direction. The in-
put pulse u; is launched into port 1, and the compressed
pulse u, is obtained at port 2. In normalized coordinates
defined in Egs. (1)—(3), the input pulse is assumed to be a
higher-order soliton of the form

©1(0, 7) = N sech(7), (10)

where N is the soliton order and is related to the physical
parameters by

VPng
1B5(0)]

where vy is the nonlinearity coefficient (assumed to be a
constant) of the DDF and P, is the peak power of the in-
put pulse. The input pulse is split at the coupler accord-
ing to®*

(11)

u5(0, 1) = Vau,(0, ) = Nasech(7), (12)
uy(0,7) = iVl — auy(0, 7) = iNV1 — asech(7),
(13)

where u; and u, are the field amplitudes right after the
coupler and a:(1—a) is the power-coupling ratio. We
have chosen @ = 0.5 throughout this paper. If the inci-
dent pulse duration is much shorter than the time to
transverse the loop length and the pulse duration is also
much shorter than 1/R, where R is the pulse repetition
rate, the interaction between counterpropagating fields

Direction of
Decreasing
Dispersion

Coupler ¥4
Port 2 (10

Fig. 1. Schematic of the DD-NOLM. Input pulses are launched
into port 1, and compressed pulses are obtained from port 2.
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can be neglected. The pulse evolution can then be de-
scribed by Eq. (1). Note that the two pulses experience
different dispersion profiles in the loop, i.e., the clockwise
pulse initially experiences a dispersion Gy times larger
than the counterclockwise pulse does. In the following,
Eq. (1) is solved numerically with the split-step Fourier
method. After traveling around the loop, the counter-
propagating pulses recombine at the coupler. The com-
pressed pulse u, can be calculated with the coupler equa-
tions described in Ref. 34.

For illustration, we consider the compression of a sixth-
order soliton [i.e., N = 6 in Eq. (10)] with an initial width
Tewam = 30ps (Ty =~ 17ps). The DDF has a linear dis-
persion profile with an effective amplification G4 = 3.
Using typical values of By(0) = —20ps?/km and y = 5
W 'km ! for silica fibers near 1.55 um, we find that the
incident pulse has a peak power of 0.5 W. Fiber loss is
included with @ = 0.046 km ™! (I' ~ 0.332). We first
neglected higher-order effects, which is a reasonable as-
sumption for an input pulse width longer than 10 ps.
The solid curves in Figs. 2(a) and 2(b) show the temporal
shapes of the compressed (transmitted) pulse in linear
and logarithmic scale, respectively, which is obtained by
choosing the loop length, while G .4 has a fixed value of 3,
to minimize the pedestal of the compressed pulse. The
optimum loop length is 4.86 km (£ = 0.336), and the
compression factor is 4.76. The dashed curves in Figs.
2(a) and 2(b) represent a hyperbolic-secant pulse having
the same peak intensity and FWHM pulse width as those
of the compressed pulse. Figure 2(c) shows the spec-
trum, and Fig. 2(d) shows the frequency chirp (solid
curve) and the shape (dashed curve) of the compressed
pulse. The intensities of the pulse shape and spectrum
are normalized with respect to the incident pulse, respec-
tively. Figures 2(a) and 2(b) show that the compressed
pulse is very close to a hyperbolic-secant pulse. From its
peak intensity and width, the pulse is estimated to be
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Fig. 2. Temporal shapes of the transmitted pulse in (a) linear
and (b) logarithmic scale. (c) Spectrum and (d) frequency chirp
(solid curve) and pulse shape (dashed curve) of the transmitted
pulse. The dashed curves in (a) and (b) represent a hyperbolic-
secant pulse having the same peak intensity and width (FWHM)
as those of the transmitted pulse. The parameters are N = 6,
Trwam = 30ps, G =3, " = 0.332, and ¢ = 0.336.
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Fig. 3. Clockwise (solid curve) and counterclockwise (dashed
curve) traveling pulses before recombination. The dash-dotted
curve shows the transmitted pulse.

close to a fundamental soliton with a soliton order of 1.45.
The pedestal of the compressed pulse is very small. We
define the pedestal energy as the relative difference be-
tween the total energy, Etgrar,, of the compressed pulse
and the energy of the hyperbolic-secant pulse shown by
the dashed line of Fig. 2(a), i.e.,

|Etotal - Esech|
——— X 100%.

(14)

pedestal energy (%) =
E total

Note that the energy of a hyperbolic-secant pulse with
peak power P, and pulse width Trwyy is given by Eq.
(8). Using Eq. (14), the pedestal energy of the com-
pressed pulse is only 1.3%.

Figure 2(c) shows that the spectrum of the compressed
pulse is also close to a hyperbolic-secant shape except for
a small notch in the central region, probably originating
from the frequency chirps around the pulse pedestal. We
note that the chirp across the main pulse is very small.
The time—bandwidth product is 0.37, which is close to
transform-limited value 0.315 of a hyperbolic-secant
pulse. Figure 3 shows the clockwise (solid curve) and
counter-clockwise (dashed curve) pulses after they travel
around the loop but before recombination at the coupler
under conditions identical to those of Fig. 2. The trans-
mitted pulse is also shown by the dash-dotted curve. We
observed that, although the shapes of both the clockwise
and counter-clockwise pulses deviate significantly from a
hyperbolic-secant, the transmitted pulse has a hyperbolic-
secant shape.

The soliton pulse generation results from both of the
soliton-effect compression of the counterpropagating
pulses and the switching characteristics of the DD-
NOLM. Since the loop is asymmetric, the compression of
the counterpropagating pulses are different, and the two
pulses acquire different phase shifts when they recombine
at the coupler. At the optimum loop length, the switch-
ing condition is satisfied for the central peak but not for
the rest of the pulse, leading to a pedestal-free com-
pressed pulse. The optimum loop length is chosen such
that the compressed pulse approaches a hyperbolic-secant
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pulse, i.e., the pedestal of the compressed pulse is the
smallest. This optimization criterion is different from
that of Refs. 20 and 21, where the loop length was chosen
such that the transmitted pulse? or the clockwise propa-
gating pulse?! is compressed optimally. Figure 4 shows
the local compression factors of the counterpropagating
pulses during their evolution in the loop under the same
condition as that of Fig. 2. The optimum loop length for
soliton generation is longer than that for the counter-
propagating pulses to achieve maximum compression.

To study the stability of the compressed pulse, we
couple the compressed pulse of Fig. 2 into a constant-
dispersion lossless fiber with a dispersion coefficient iden-
tical to the initial dispersion coefficient B5(0) of the DDF
loop. Figure 5 shows the evolution over a fiber length of
22.7 km, which corresponds to 23 soliton periods in terms
of the initial pulse width (6.3 ps). The pulse broadens
initially because of the negative chirp [shown in Fig. 2(d)].
It then compresses, since its intensity is higher than that
of a fundamental soliton. As the propagation continues,
the pulse approaches a fundamental soliton that is nar-
rower than the incident pulse. The variation of the pulse
width is due to the initial frequency chirp. We have tried
to suppress the pulse-width fluctuation by varying the in-
cident pulse power (which can be done by placing a tun-
able attenuator at the input end of the constant-
dispersion fiber), but the result is not satisfactory. The
general feature of pulse evolution is the same except that
the output pulse width increases when the input pulse
power decreases.

B. Effects of Loop Characteristics and Initial Soliton
Order

The above results demonstrated the compression of a
sixth-order soliton in a DD-NOLM for a particular loop
length and a fixed effective amplification (G.g). In this
subsection, the effects of loop length, effective amplifica-
tion, and incident soliton order are studied. Figure 6
shows the compression factor and corresponding pedestal
energy as a function of the loop length. The input
soliton in all cases is the same as that used for Fig. 2 (i.e.,

20 . : . - .
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-
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Local Compression Factor
o]

S
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Fig. 4. Local compression factors of the clockwise (solid curve)
and counterclockwise (dashed curve) pulses during their evolu-
tion in the loop under the same conditions as those of Fig. 2.
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Fig. 5. Evolution of the transmitted pulse of Fig. 2(a) in a loss-
less fiber with constant dispersion identical to the initial disper-
sion B5(0) of the DDF loop.
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Fig. 6. Variation of the compression factor and corresponding

pedestal energy with the loop length. In all cases, the input

pulse is a sixth-order soliton with Tewmy = 30 ps, and the dis-

persion decreasing rate of the loop is identical to that used in Fig.
2.

N = 6, Tywam = 30ps). The DDF in each case has a
same dispersion-decreasing rate as before, except that the
length of the DDF is varied. Figure 6 shows that high-
quality pulses with pedestal energy less than 2% can be
achieved over a relatively wide range of the loop length
(4.6—4.9 km).

We next consider how the effective amplification (G )
of the DDF affects soliton generation. Figure 7 shows
the compression factor, pedestal energy, and correspond-
ing optimum loop length as a function of G . for a fixed
input soliton with N = 6 and Tgway = 30ps. For each
value of G4, we optimized the compression by choosing
an optimum loop length (i.e., an optimum dispersion-
decreasing rate of the DDF). Figure 7 shows that both
the compression factor and the pedestal energy increase
with G, while the optimum loop length z,, is less af-
fected by Go. For G4 > 3.6, compression factors higher
than 7.5 can be achieved, but the pedestal energy exceeds
10%. So, for soliton pulse generation, it is not possible to
increase the compression factor by arbitrarily increasing
G.r. This is quite different from the adiabatic compres-
sion of a fundamental soliton in DDF, where the compres-
sion factor is equal to G ..

Figure 8 shows the effect of incident soliton order
N on the compression factor, pedestal energy, and
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optimum loop length. For all values of N studied
here, the incident solitons have a same initial width of
Tewam = 30 ps, and the effective amplification of the loop
is fixed at G = 3. Figure 8 shows that the compression
factor increases with increasing soliton order NNV, while the
optimum loop length decreases. The pedestal energy is
very small for N > 6 but increases rapidly when N de-
creases from 6 to 4. Thus the compression is more suit-
able for incident solitons with larger soliton order. For
example, for N = 15, a compression factor as high as 12
can be achieved with pedestal energy less than 0.2% with
a loop length of 1.19 km.

C. Effect of Initial Frequency Chirp

The above studies assume that the incident pulses are
transform limited. In practice, pulses generated from
some lasers such as directly modulated semiconductor la-
sers are inherently chirped. In this subsection, we study
the effect of initial frequency chirp on soliton compression
in DD-NOLM.

20 ; . . . T 20

115

—
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Length (km)

Compression Factor
[=]

5r 15
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Energy (%)
0 . : : . 0
2 25 3 3.5 4 4.5 5

Geff

Fig. 7. Variation of the compression factor, pedestal energy, and
corresponding optimum loop length with the effective amplifica-
tion (G.y). In all cases, the input soliton order is fixed at N
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Fig. 8. Variation of the compression factor, pedestal energy, and
optimum loop length with input soliton order N. For all values
of N, the loop has an effective amplification of G4 = 3, and the
input soliton width is fixed at Trwyy = 30 ps.
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Table 1. Compression Results for Input Pulses
with N = 6, Tpwam = 30ps, C = 2, —2, and 4, and
Effective Amplification of Loop Fixed at G ¢4 = 3

Chirp parameter, C 2 -2 4

Compression factors 6.41 7.20 7.83
Pedestal energies (%) 0.23 15.67 0.79
Normalized intensities 2.72 1.07 4.04
Compressed soliton orders 1.55 0.86 1.54
Time-bandwidth products 0.38 0.39 0.37
Optimum loop lengths (km) 3.57 6.00 2.87

A linearly chirped incident pulse is given by [compare
with Eq. (10)]

11(0, 7) = N sech(7)exp(—iC72/2), (15)

where C is the chirp parameter. Figures 9(a)-9(c) show
the optimally compressed pulse shapes (solid curves) for
C = 2, —2, and 4, respectively. In each case the incident
pulse has the same intensity (N = 6) and the same ini-
tial width (Tywpy = 30ps). The effective amplification
of the DDF loop is fixed at G.¢ = 3, and the loop length is
chosen to minimize the pedestal of the compressed pulse.
The dashed curve in each case represents a hyperbolic-
secant pulse having the same peak intensity and FWHM
as those of the compressed pulse. Table 1 lists the com-
pression results corresponding to Fig. 9. It shows that
the technique is more tolerant of positive chirp than nega-
tive chirp. Compared with the zero chirp case (Fig. 2(a)),
positive chirp increases the compression factor and the
pulse quality and decreases the optimum loop length be-
cause anomalous GVD compresses positively chirped
pulses linearly. Negative chirp, on the other hand, de-
grades pulse compression, contrary to conventional
soliton-effect pulse compression.®® We observed that al-
though the compression factor for C = —2 is even larger
than that for C = 2, the pulse quality declines, and the
corresponding optimum loop length is much longer than
that of the positive chirp. The reason is that the optimi-
zation criterion here is different from that of the soliton-
effect compression technique, i.e., the fiber length is cho-
sen to minimize the pulse pedestal rather than maximize
the compression.

Figures 10(a)-10(c) show the evolution of the com-
pressed pulses corresponding to Figs. 9(a)-9(c) in a
constant-dispersion lossless fiber with dispersion coeffi-
cient identical to the initial dispersion coefficient B5(0) of
the DDF loop. The evolution distance in each case is
identical to that of Fig. 5 and is 22.7 km. We observed
that the pulses evolve into fundamental solitons. In the
case of C > 0, the evolved soliton has a narrower width
than that of the initial pulse because the initial pulse has
a soliton order N > 1. For C < 0, the initial soliton or-
der is 0.86, so the width of the asymptotic soliton in-
creases.

We then compare the chirp tolerance level of this tech-
nique to that of the adiabatic pulse compression. As
mentioned before, adiabatic pulse compression is based
on the robustness of fundamental solitons under weak
perturbation such as dispersion. In the presence of ini-
tial frequency chirp, it had been shown®® that a funda-
mental soliton can survive only for |C| less than a critical
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value of 1.64. In this regard, the soliton-generation
scheme proposed here is more tolerant of initial frequency
chirps than the adiabatic-compression technique. This is
important for soliton generation from directly modulated
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Fig. 9. Optimally compressed pulse shapes for N = 6, Trwam
= 30 ps, and with initial chirps of (a) C = 2, (b) C = —2, and (c)
C = 4. In all cases the effective amplification of the loop is fixed
at Gy =3. The dashed curve in each case represents a
hyperbolic-secant pulse having the same peak intensity and
width (FWHM) as those of the compressed pulse.
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Fig. 10. Evolution of the compressed pulses corresponding to
the solid curves of Figs. 9(a)-9(c) in a lossless fiber with constant
dispersion identical to the initial dispersion B5(0) of the DDF
loop.

semiconductor lasers since pulses produced by these la-
sers usually have strong frequency chirps.

We note that a linear frequency chirp can be precom-
pensated by a linear dispersive element such as a grating
pair, a prism pair, or a chirped fiber Bragg grating oper-
ating in reflection.?’” The use of these additional ele-
ments will increase system complexity, cause energy loss,
and may deform the pulse shape. For example, the per-
formance of a fiber Bragg grating is easily affected by
TOD and RSS.®® We have shown here that the DD-
NOLM can produce high-quality compressed pulses even
without precompensation of the initial frequency chirp.

D. Influence of Higher-Order Effects

The results presented so far concentrate on long pulse
(Tewam > 5 ps) compression in order to emphasize that
the proposed scheme can overcome the difficulty of the
adiabatic compression of input pulses longer than 5 ps in
which impractically long lengths of fiber are required.
For compression of ultrashort pulses (Tyway < 5 ps), fi-
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ber length is no longer a problem for the adiabatic tech-
nique. However, it was shown'? that higher-order effects
such as RSS and TOD become important since fibers used
for adiabatic compression are usually several soliton pe-
riods long. Higher-order effects not only degrade the
compression factor but also induce oscillations around the
compressed pulse. In this final subsection, we investi-
gate how higher-order effects affect soliton compression in
a DD-NOLM.

Figure 11 shows the optimally compressed pulse
shapes for the cases of (i) without RSS and TOD (dotted
curve), (i1) with both RSS and TOD (solid curve), and (iii)
with RSS only (dashed curve). In each case, the incident
soliton was the same with N = 6 and Tpywgy = 1 ps, and
the effective amplification was fixed at G4 = 3. The self-
steepening effect was neglected because it plays a much
smaller role as compared with RSS or TOD. Assuming
that 85(0) = —20 ps?/km and 85 = 0.1ps’/km, and that
the Raman resonant time constant is T = 3 fs, accord-
ing to Eq. (3), we have 7z ~ 0.0053, §~0.00147, and
I'~0.00037. Table 2 lists the compression results corre-
sponding to Fig. 11. The results are somewhat surpris-
ing, since the compression seems to be quite forgiving to
higher-order effects even when the compressed pulse is
narrower than 100 fs. Unlike adiabatic soliton
compression'® in which TOD causes oscillations around
compressed pulse, no oscillations appear in the present
case because they are reflected by the DD-NOLM. The
most interesting feature is that, under certain conditions,
RSS can even improve the DD-NOLM performance. The
compression factor is doubled, while the pedestal energy
increases from 6.15% to 13.76% only. We note that, even
if we allow pedestal energy comparable to 13.67% in the
ideal case by choosing a shorter loop, the final compres-
sion factor is still smaller than that when only RSS is in-
cluded.

The enhancement of soliton compression by RSS can be
understood as follows. Since the loop dispersion is asym-
metric, the counterpropagating pulses experience differ-
ent RSS in the loop, resulting in a relative arrival time
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—WithRSS&TOD | !
1
- -~ - With RSS only [
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.‘i)
5
£2f 1
| ]
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Fig. 11. Optimally compressed shapes of a 1-ps sixth-order soli-
ton without RSS and TOD (dotted curve), with both RSS and
TOD (solid curve), and with RSS only (dashed curve). In all

cases, the effective amplification of the loop is G = 3.
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Table 2. Compression Results of a 1-ps Sixth-
Order Soliton without RSS and TOD, with both
RSS and TOD, and with RSS only, where the
Effective Amplification of the Loop is G = 3

Without RSS With RSS With RSS

Condition & TOD & TOD only

Compression 7.03 10.35 14.59
factors

Pedestal 6.15 10.18 13.67
energies (%)

Normalized 2.33 2.75 4.24
intensities

Compressed 1.30 0.96 0.85
soliton orders

Time—bandwidth 0.35 0.37 0.37
products

Optimum 4.80 4.18 4.14

loop lengths (m)

14¢ 14
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Fig. 12. Variation of the compression factor, pedestal energy,
and optimum loop length with initial soliton width T'gwgy Wwhen
only RSS is included. In each case the input is a sixth-order
soliton, and the effective amplification of the loop is G = 3.

delay at the coupler. When the time delay increases, the
overlap region of the two pulses is narrower than that
when RSS is not included. Thus the region where the
switching condition is satisfied decreases, leading to a
shorter transmitted pulse. To study how the compres-
sion enhancement depends on RSS, we performed simu-
lations for different initial soliton width Tpwyy. Figure
12 shows the compression factor, pedestal energy, and op-
timum loop length as a function of the initial soliton
width Tewpam- Only RSS is included, which is possible
with a loop constructed from dispersion-flattened fiber
to eliminate TOD. In all cases, the input is a sixth-
order soliton and the effective amplification is fixed at
G = 3. Figure 12 shows that RSS has little effect on
optimum loop length but has a relatively large effect on
the compression factor and pedestal energy. When
TewaM increases, the enhancement in soliton compression
declines because the compression approaches that of the
ideal case, and the effect of RSS decreases. When the
pulse width of the incident soliton is too short, compres-
sion enhancement also degrades because the temporal
separation of the counterpropagating pulses is so large
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that the two pulses almost separate before experiencing
enough compression and before the switching condition is
satisfied. So, for a given input soliton order and a fixed
loop structure, there exists an optimum initial soliton
width at which RSS induced compression enhancement is
maximum.

4. CONCLUSIONS

We have proposed and demonstrated a technique to use a
NOLM constructed from DDF to generate ultrashort fun-
damental solitons from long pulses. It uses both the
multisoliton pulse-compression effect and the switching
characteristics of a nonlinear optical loop mirror. The
proposed scheme has the following advantages when com-
pared with the conventional soliton-effect compression
technique or the adiabatic-compression technique. First,
long pulses (>30 ps) can be efficiently compressed with
reasonable fiber lengths, and the compressed pulses are of
high quality such that they evolve into fundamental soli-
tons. Second, the proposed scheme is quite tolerant of
initial frequency chirp, which is important for compres-
sion of pulses produced by directly modulated semicon-
ductor lasers, since these pulses are inherently chirped.
Third, for ultrashort pulse compression, higher-order ef-
fects such as RSS and TOD have a smaller effect on the
new scheme. We also find that RSS can even enhance
pulse compression significantly under certain conditions.
A shortcoming of this technique is that, for a given input
pulse, the compression factor is smaller than that of the
conventional soliton-effect pulse compression because
high pulse quality is achieved at the expense of the com-
pression of the counterpropagating pulses in DD-NOLM.
Nevertheless, the solitonlike pulses generated by this
technique can be further compressed if they are coupled
into a DDF, through which adiabatic soliton compression
is possible, and the DDF length no longer presents a prob-
lem.
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