
Self-switching of optical pulses in
gain-distributed nonlinear
amplifying fibre loop mirror

P.K.A. Wai and W.-H. Cao

Self-switching of optical pulses in a gain-distributed nonlinear ampli-

fying fibre loop mirror is investigated numerically in the soliton

regime. Results show that, compared with the conventional nonlinear

fibre loop mirror with a lumped gain inside or outside the loop, the

present device can produce higher-quality pulses and permits more

efficient pulse compression.

Introduction: The combination of a nonlinear fibre loop mirror

(NFLM) and an erbium-doped fibre amplifier has proven to be most

useful as a fast all-optical switch. Applications include pulse ampli-

fication and shaping [1, 2], soliton compression [3], noise and

dispersive wave suppression [4], and all-optical passive signal regen-

eration [5] for long-distance soliton transmission systems. There are

two basic loop mirror and amplifier combinations, one is an NFLM

with an amplifier inside the loop (NFLM-I) and the other is an NFLM

with an amplifier outside the loop (NFLM-O). In both cases, a lumped

gain is commonly used because the amplifier length is much shorter

than the loop length. In this Letter we study, for the first time, the

switching characteristics of a gain-distributed [6] nonlinear amplify-

ing fibre loop mirror (NALM). Numerical simulations show that,

compared with the conventional NFLM-I or NFLM-O, the present

device can produce higher-quality pulses and permits more efficient

pulse compression.

Simulation results and discussion: For simulations of pulse evolution

in the loop, we use the split-step Fourier method to solve the nonlinear

Schrödinger equation including negative group-velocity dispersion

(GVD), self-phase modulation, and gain or loss. In normalised

co-ordinates, the equation takes the form
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where x, t, and u(x, t) denote, respectively, the normalised distance,

time, and pulse envelope in soliton units. In real parameters
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where T0 is the half-width (at 1=e-intensity point) of the input pulse, vg
is the group velocity, b2 is the GVD coefficient, and LD¼ T 0

2=jb2j is the
dispersion length. Gain dispersion, Raman self-scattering, and third-

order dispersion can be neglected for input pulses wider than 5 ps.

Before investigating the switching characteristics of a gain-distrib-

uted NALM, we discuss the switching characteristics of the conven-

tional NFLM-I or NFLM-O. In the case of NFLM-I, the coupler has a

power-splitting ratio of 50:50 and the lumped gain is placed within the

loop immediately after the coupler. The input pulses are assumed to be

transform-limited hyperbolic-secant pulses with a fixed width (TFWHM)

of 5 ps. The GVD coefficient and nonlinearity coefficient of the fibre

loop are, respectively, b2¼�20 ps2=km and g¼ 5 W�1 km�1. The loop

length is fixed to be two soliton periods, which is about 1.26 km in

terms of the above parameters. Fibre loss is 0.2 dB=km. Figs. 1a and c

show the switching characteristics of the NFLM-I for a lumped gain of

5 dB, and Figs. 1b and d show the switching characteristics for a

lumped gain of 10 dB. The transmission is defined as the ratio of the

transmitted (switched) energy to the sum of the transmitted and

reflected energies, the pedestal energy is defined as the relative

difference between the total energy of the transmitted pulse and the

energy of a hyperbolic-secant pulse having the same peak power and

width as those of the transmitted pulse. The horizontal dotted lines in

Figs. 1a and b show the time-bandwidth product of 0.315(�100) of a

transform-limited hyperbolic-secant pulse. In Figs. 1c and d, the

compression factor is defined as the ratio of the TFWHM of the input

pulse to that of the transmitted pulse, and the soliton order is estimated

from the peak power and width of the transmitted pulse. We see that the

NFLM-I exhibits a sinusoidal transmittance with slow switching

transitions near the switching edges, which is a disadvantage for all-

optical ultrafast digital signal processing. In addition, the qualities of

the transmitted pulses around the transmission peak are poor since the

pulses are chirped and are accompanied by pedestals (>10%).

Fig. 1 Switching characteristics of NFLM-I

a and c With lumped gain of 5 dB
b and d With lumped gain of 10 dB

Fig. 2 shows the switching characteristics of the NFLM-O, where

Figs. 2a and c correspond to the case in which the coupler has a power-

splitting ratio of 56:44, and Figs. 2b and d correspond to the case in which

the coupler has a power-splitting ratio of 60:40. In both cases, the same gain

of 10 dB is placed at the input port (outside the loop). The loop length, the

loop parameters b2 and g, and the input pulsewidth TFWHM are identical to

those used for Fig. 1. It is seen that, comparedwith theNFLM-I, the NFLM-

O exhibits a sharpening of the switching transition as well as a flattening

of the switching peak (see Fig. 2b). The compression factor provided by

the NFLM-O is slightly larger than that provided by the NFLM-I. However,

the quality of the transmitted pulse from the NFLM-O is still poor. In

fact, the coupler power-splitting ratio of 60:40 used for Figs. 2b and d is

almost the best in terms of the quality of the transmitted pulses.

Fig. 2 Switching characteristics of NFLM-O with lumped gain of 10 dB

a and c With coupler power-splitting ratio of 56:44
b and d With coupler power-splitting ratio of 60:40

The results are quite different if we place a distributed gain instead of

a lumped gain in the loop. Fig. 3 shows the switching characteristics

of the gain-distributed NALM under conditions identical to those of

Figs. 1b and d except that a 10 dB gain is uniformly distributed along

the loop and that the coupler is asymmetric with power-splitting ratios

of 54:46 for Figs. 3a and c and 56:44 for Figs. 3b and d. Compared with

the cases of the NFLM-I or NFLM-O, we can see that distributed gain

causes a significant improvement in the quality of the transmitted pulse.

Here, the pedestals of the transmitted pulses are very small (less than

5%) and the transmitted pulses are very close to transform-limited

pulses. Another difference is that the distributed NALM permits more

significant pulse compression than the NFLM-I or NFLM-O, which is

useful for soliton regeneration in long-distance soliton-based commu-

nication systems. In such systems fibre loss not only degrades soliton

energy but also broadens its width. By using the gain-distributed

NALM, one can simultaneously compensate the loss induced energy

degradation and pulsewidth broadening without the use of any disper-

sion compensation elements.
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Fig. 3 Switching characteristics of gain-distributed NALM with gain of
10 dB

a and c With coupler power-splitting ratio of 54:46
b and d With coupler power-splitting ratio of 56:44

The different performance between the gain-distributed NALM and the

NFLM-I or NFLM-O can be understood as follows. In the cases of the

NFLM-I, one of the counterpropagating pulses in the loop experiences

compression while the other experiences broadening because the amplifier

is asymmetrically placed. Thus, serious mismatch of pulse shapes occurs

when the two pulses recombine at the coupler. The situation is the same for

the NFLM-O because of the asymmetric coupler. Whereas, in the case of

the gain-distributed NALM, both the clockwise and counterclockwise

pulses experience compression because of the distributed gain. Thus,

unlike the cases of the NFLM-I or NFLM-O, serious mismatch of the

counterpropagating pulse shapes in the gain-distributed NALM is

prevented, leading to more complete interference when the two pulses

recombine at the coupler. Simulations not shown here indicate that high-

quality switched pulses can be achieved from the gain-distributed

NALM even when the total gain is increased or decreased provided

that the loop length increases or decreases accordingly with the gain.

Conclusion: We have numerically studied the switching character-

istics of a gain-distributed nonlinear amplifying fibre loop mirror.

Results show that, compared with the conventional nonlinear fibre

loop mirror with a lumped gain inside or outside the loop, the present

device can produce higher-quality pulses and permits more efficient

pulse compression.
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