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a b s t r a c t

We analyse numerically the capabilities of a power-symmetric nonlinear optical loop mirror (NOLM) in

the ultrashort pulse regime for high-quality amplitude regeneration of an optical signal. The device,

which operates through nonlinear polarisation rotation, includes twisted, anomalous-dispersion fibre

and a quarter-wave retarder. For particular adjustments of the retarder orientation, and a circularly

polarised input beam, the output energy characteristic flattens near the switching energy, a property

that can be used to eliminate large amplitude fluctuations in an optical signal. The group velocity

mismatch between polarisation components introduced by twist is mitigated by the interplay between

anomalous dispersion and the nonlinear Kerr effect, although strong twist should be avoided as it still

introduces substantial pulse distortion. Contrary to other designs, where a plateau characteristic

requires a large power imbalance between the counter-propagating beams, both pulses in the present

scheme can be simultaneously close to fundamental solitons, which allows a substantial widening of

the plateau for particular pulse parameters. Good quality, nearly transform-limited pulses are obtained

in this case at the NOLM output. The device is applicable for the regeneration of ultrafast data streams in

which the signal-to-noise ratio is severely deteriorated.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

As optical transmission systems operating at 40 Gbits/s or
beyond are being developed, devices capable of handling ultra-
short-pulsed signals as such high rates are needed. The nonlinear
optical loop mirror (NOLM) [1], which exploits the ultrafast
optical Kerr effect in fibre, is a good candidate for these tasks. Its
use was proposed for applications like ultrafast switching and
demultiplexing [2,3], wavelength conversion [4], pedestal sup-
pression [5], amplitude equalisation and regeneration of optical
signals [6–9], or other operations in the frame of optical signal
processing [10,11] or monitoring [12]. NOLM switching can be
provided either by a control beam, or by the signal itself. The latter
case is considered here. In this case, and in spite of the diversity
of the existing schemes, they have generally in common the use of
a power imbalance between the counter-propagating beams to
enable self-switching. For this purpose, some schemes rely on
an asymmetric coupler in the NOLM design [1,13,14], while in
others some loss (or gain) is inserted asymmetrically in the loop
[6–10,12]. In other schemes, an asymmetry in the loop dispersion
[15,16] or birefringence [17] is used. In these cases, the power
ll rights reserved.

: +52 4774414209.
imbalance is obtained by splitting or stretching the pulses in the
loop, in such a way that their peak power undergoes different
evolutions in clockwise (CW) and counter-clockwise (CCW)
directions.

The transmission characteristic of a NOLM is usually a
sinusoidal function of input power, whose bias is adjustable in
practice through a lumped birefringent element (usually a
polarisation controller, PC). A theory of the NOLM operation in
the continuous-wave case was soon developed [1], and numerous
numerical studies were carried out to analyse the device
operation in the ultrashort pulse regime. These studies showed
the outstanding properties of solitons, which can be switched
entirely with minimal pulse shape distortion [1,13], cleaned and
reshaped [5–9,14–17], or stabilised over long transmission links
[18]. However, although the residual birefringence of the standard
fibre used in the NOLM affects the bias and is responsible for a
complex polarisation evolution of the beams circulating in the
loop, it was not taken into account in these early studies. This
simplification can be valid considering that, for long fibre loops
with random birefringence, the nonlinear polarisation evolution
statistically averages out for each beam, whereas the linear bias
induced by residual birefringence can be compensated in practice
by the empiric adjustment of a PC inserted in the loop. Still, fibre
birefringence and polarisation evolution modify the NOLM
operation, and a few groups tried to figure out how it happens.

www.sciencedirect.com/science/journal/jolt
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Some of the first studies of polarisation effects in NOLMs can be
found in [19,20], but a comprehensive study of polarisation effects
in NOLMs [21] would follow by more than a decade the funding
paper by Doran et al. [1]. In [22], the first thorough study of the
impairments imposed by residual birefringence on the NOLM
operation was presented.

An interesting approach consists in taking advantage of
polarisation effects to improve the NOLM operation. In [23], for
example, control of light polarisation in the loop allows
compensating for the impairments related to counter-propagating
interactions. In [21], a novel NOLM design is proposed, in which a
polarisation asymmetry is used instead of a power asymmetry
between the counter-propagating beams. In this scheme, switch-
ing is due to nonlinear polarisation rotation instead of self-phase
modulation. The polarisation states of counter-propagating beams
are made different through the use of a quarter-wave retarder
(QWR) inserted in the loop after one of the coupler output ports.
To prevent the nonlinear polarisation evolution from averaging
out for each beam, twist is applied to the fibre, which then
becomes optically active and behaves like an ideal isotropic fibre
[24]. Starting from the coupled nonlinear differential equations for
polarisation evolution in the continuous-wave case [25], a model
was proposed in [21], which enabled a thorough study of this
promising device (see for example [26–28]). In comparison
with conventional schemes, the proposed architecture showed
up improved robustness to external perturbations, and enhanced
flexibility of the transmission characteristic (which can be
adjusted through controlling polarisation and birefringence). We
demonstrated in particular that, when input polarisation is
circular, the dynamic range can be controlled through the QWR
angle. For particular values of this angle, a wide plateau appears in
the output power characteristic, which enables high-quality
amplitude regularisation of an optical signal. In [29], using this
scheme, we were able to eliminate large amplitude fluctuations
affecting a train of sub-ns optical pulses, as predicted by the
model. This model, however, is valid only in the continuous-wave
case, and is thus not transposable to the case of ultrashort
(picosecond) pulses. In particular, it does not take into account
chromatic dispersion and the group velocity mismatch between
polarisation components. These effects cause changes in the
pulse profile and peak power during propagation, resulting in
accumulated nonlinear phase shift and polarisation rotation
that are modified with respect to the continuous-wave case.
Consequently, the NOLM operation in the ultrashort pulse regime
will be quantitatively different from the continuous-wave regime.
The performances are also expected to depend strongly on
whether the soliton effect is at play in the loop or not. As a
consequence, for a precise quantitative assessment of the device
performances in the case of ultrashort pulses, the NOLM operation
must be re-examined in this regime.

In this paper we undertake a numerical study of the NPR-based
NOLM operation in the picosecond pulse regime. Anomalous
dispersion is considered. We analyse in detail the device
capabilities in the frame of the reduction of amplitude fluctua-
tions, and compare its performances with those of another
reported scheme, in which a large power imbalance is used to
form a plateau.
2. Numerical analysis

For the continuous-wave analysis of the device operation,
time-dependent effects were neglected, so that the fields were
functions of one variable only, the propagation distance, z. In this
case, a set of two coupled ordinary differential equations is
sufficient to describe the propagation of the two polarisation
components of each beam along the loop [25]. In practice, this
model is valid if the fibre length is short and the pulses are long,
and in this case their profile is not modified during propagation.
To study the NOLM behaviour for ultrashort input pulses,
however, the dependence of the fields on time t must be taken
into account as well, so that each polarisation component of the
counter-propagating fields is a function of the two variables z and
t. The description of light propagation then requires a set of two
partial differential equations, the coupled nonlinear Schrödinger
equations [30]. With these equations, effects like chromatic
dispersion and group velocity mismatch, which tend to modify
the pulse temporal profile as it propagates, can be taken into
account. In the basis of circular polarisation [C+, C�], these
equations write as
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where Db1 ¼ b1
+
�b1
� is the inverse group velocity mismatch, b2 is

the second-order dispersion parameter and g is the Kerr nonlinear
coefficient. Time t is referenced in a system that travels at the
average group velocity vg ¼ 2/(b1

++b1
�). Note that, for circular

polarisation, the self-phase modulation (SPM) coefficient is 2/3
times smaller than the SPM coefficient g for linear polarisation.
Fibre loss is neglected, as well as higher-order dispersion and
Raman self-frequency shift, a valid approximation for the para-
meters of the NOLM and of the pulses considered here. The split-
step Fourier technique is used to numerically integrate these
equations for the two beams counter-propagating in the loop.

The NOLM loop is made of a length L ¼ 1 km of fibre with
anomalous dispersion D ¼ 19 ps/nm/km (b2 ¼ �24.2 ps2/km at
1550 nm) and g ¼ 7.5 rad/W/km. We assume that the fibre
birefringence is circular, so that the twist-induced optical activity
is supposed to overcome linear birefringence. In practice, a
moderate twist easily eliminates the fibre residual birefringence
(whose beat length LBE10–50 m [31,32]). Indeed, if the fibre is
twisted at a rate of N turns/m, the birefringence axes rotate at this
same rate, whereas light polarisation rotates at �0.05N only, as
the optical activity generated by twist amounts to �5% of the
twist rate in silica fibre [21,33]. Even considering a moderate twist
N ¼ 1 turn/m, polarisation rotates at a rate of 0.95N ¼ 0.95 with
respect to the birefringence axes, and the product 0.95NLBb1, so
that the residual birefringence averages out. The situation is
different however when the fibre is wound on a spool after
twisting. Bending the fibre yields a stress-induced birefringence
whose axes are parallel and perpendicular to the plane of
curvature, and thus do not rotate with twist. The beat length is
given by LB ¼ l0/Dn, where l0 is the wavelength in vacuum and
the refractive index difference Dn ¼ 0.133(r/R)2, where R is the
bending radius and r the fibre radius [34,35]. Polarisation thus
only rotates by �0.05N with respect to the birefringence axes in
this case, so that the averaging out of birefringence is less
effective. However, considering that the radius of curvature is not
too small (say, 30 cm), a moderate twist rate of 1 turn/m can be
sufficient to ensure nearly circular birefringence [24]. Taking for
example r ¼ 62.5mm, l0 ¼ 1.55mm and R ¼ 30 cm, one finds that
the product 0.05NLBE13 is still quite large. As we will show in this
work that high twist induces substantial pulse distortion, we will
consider a moderate twist rate of 1 turn/m for most calculations of
this study. The electric field pulse envelope at the NOLM input is
E(z ¼ 0, t) ¼ A sec h(1.763 t/TFWHM), where TFWHM is the full-width
at half-maximum of the pulse power envelope.

The NPR-based NOLM scheme is presented in Fig. 1. It includes
a 50/50 coupler, a piece of twisted (circularly birefringent) fibre
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and a QWR located in the loop just after one of the coupler output
ports. For a 1-km loop, the continuous-wave NOLM switching
power Pp ¼ 6p/gL ¼ 2.51 W. We consider circular (say, right)
polarisation at the NOLM input. The CW beam is maintained
circularly polarised during propagation, whereas the CCW beam is
made linearly polarised through the QWR. Under these conditions,
the continuous-wave transmission characteristic of the NOLM is a
sinusoidal function of input power, whose dynamic range can be
adjusted between 1 and N when the QWR angle a is varied [26].
For two particular positions of the QWR, a wide plateau is
obtained in the output power characteristic, which allowed in an
experiment high-quality amplitude equalisation of subnanose-
cond pulses [29]. In the case of ultrashort pulses, when dispersion
and group velocity mismatch play an important part, this
α

QWR

Ein Eout

QWR

50/50
coupler

Fig. 1. Configuration under study. Conventionally, the QWR angle a ¼ 0 for infinite

dynamic range.
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range). An input pulse duration TFWHM ¼ 2.65 ps was chosen. Fibre twist ¼ 6 turns/m (d

adjusted to the plateau, for twist values of 0 (dotted), 1 (solid) and 6 turns/m (dashed)
behaviour remains qualitatively the same, as shown in Fig. 2(a
and b), where transmission T and output pulse energy Eout are
presented, as functions of input pulse energy Ein, for various
values of the QWR angle, a. The transmission here is defined
as the ratio between the pulse energies at the NOLM output
and input, respectively, T ¼ Eout/Ein. Fig. 2(b) shows that, for
a ¼ 0.89p/4 and a ¼ 1.09p/4, a plateau appears in the Eout

characteristic, where the first and second derivatives of the curve
cancel out simultaneously. Both plateaus can be exploited to
reduce large pulse energy fluctuations. The curve for a ¼ 0.89p/4
is much more attractive in practice, however, as the required input
energy is substantially smaller than the other curve, so that this
case will be analysed here. As it will be shown in this work, these
curves, and in particular the plateau width, strongly depend on
the input pulse characteristics.

Fig. 2(a and b) also shows that the curves depend on the value
of twist. High twist still allows the existence of a plateau
presenting essentially the same width, however the optimal
adjustment angle depends on the value of twist. The dotted curves
in Fig. 2(a and b) show that, for a twist of 6 turns/m, a flat plateau
is no longer obtained for a ¼ 0.89p/4, however it is obtained for
a ¼ 0.85p/4 (not shown on the figure). In practice however, high
twist should be avoided, as the output pulse profile is distorted in
this case (see Fig. 2(c)). This is due to the group velocity mismatch
between circular left and right polarisation components. For a
twist rate of 6 turns/m (q ¼ 12p rad/m), the refractive index
mismatch Dn ¼ l/p�hq/2nE10�6, where l ¼ 1550 nm is the
wavelength, hE0.15 and n ¼ 1.46 is silica refractive index, which
yields a delay Dt ¼ Dn/cE3 ps/km between the circular polarisa-
tion components (c ¼ 3�108 m/s is the velocity of light in
vacuum). Fortunately, such a wide temporal separation between
the polarisation components, comparable with the pulse width,
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does not appear at high power. In the case of the linearly polarised
CCW beam, both circular polarisation components are equally
excited. For the high pulse energies where the plateau appears in
the Eout characteristic, both components remain bound together
through the interplay between Kerr effect and anomalous
dispersion [30], and both propagate at the average group velocity
vg. In the case of the CW beam, however, only one circular
polarisation component (C+) is excited, which propagates at the
group velocity vg

+
¼ 1/b1

+. As both pulses recombine at the NOLM
output, this mismatch translates into a substantial asymmetry of
the switched pulse, and some increase of the output pulse
duration. Fig. 2(c) shows that, for zero twist, the FWHM duration
of the output pulse is 3.04 ps. For a twist of 6 turns/m, the duration
is �12% higher, whereas this increase is o1% for 1 turn/m (in this
case, the pulse profile is little affected by twist).

Considering a twist rate of 1 turn/m, we analysed, for several
values of the input pulse duration, the output energy character-
istic (when a is adjusted in each case to get a plateau) and the
characteristics of the switched pulses. The pulse duration TFWHM

ranged between 1 and 5.3 ps. Over this range, we observed that
taking into account the Raman self-frequency shift in Eq. (1) did
not alter significantly the results, so that its influence could be
neglected. For TFWHM45.3 ps, output pulse splitting started to
occur when the input energy was raised up to the plateau region,
due to the large value of the soliton order. Fig. 3(a) shows portions
of the Eout curves for some values of TFWHM. In each case, the QWR
angle a is adjusted to get a flat plateau. The optimal value of a
appeared to depend slightly on pulse duration, and ranged in all
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cases in an interval of �6% around a ¼ 0.9p/4. This variability of
the optimal adjustment with the input pulse characteristics
illustrates an advantage of our scheme over the SPM-based
scheme with large power imbalance [36], which also allows the
existence of a wide plateau in the nonlinear characteristic, but
does not allow adjusting the dynamic range (except if a coupler
with adjustable coupling ratio is used).

Fig. 3(b), solid shows that, as expected, the plateau width is
substantially wider than the simple maximum obtained when
a ¼ 0, where only the first derivative of Eout ¼ 0 (dashed curve, see
also Fig. 2(b)). An important observation in Fig. 3(a and b) is that
the width of the plateau strongly depends on the input pulse
duration. The maximum width is obtained for TFWHME2.8–3 ps,
where amplitude fluctuations at the input as large as �28% are
reduced to 2% peak to peak in the switched signal. It turns out that
the plateau widens substantially when the pulses injected at both
ends of the loop (each corresponding to half the input pulse
energy) are close to solitons at the energy of the plateau. Solid
curves in Fig. 3(c) show the soliton order N for input CW and CCW
pulses as a function of input pulse duration, when the input pulse
energy is adjusted in each case to the plateau centre. Note that,
even if the counter-propagating pulses have the same duration
and peak power when they enter the loop (due to the 50/50
coupler), they have different values of N, because of their different
polarisation states. Indeed, the nonlinear coefficient for the
linearly polarised CCW beam is 3/2 times higher than that of
the circularly polarised CW beam (this can be easily verified if one
considers that a linearly polarised field E is composed of two
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circular components C+ and C� of equal amplitudes, yielding
|E|2 ¼ |C+|2+|C�|2 ¼ 2|C+|2 ¼ 2|C�|2, so that the nonlinear coeffi-
cients of the last terms in Eq. (1) can be written as g|E|2).
As a result, the soliton order is O3/2 times higher for linear
polarisation than for circular polarisation, assuming the same
pulse profile and peak power. It appears from Fig. 3(b) and (c) that
the plateau width is maximal for pulse durations corresponding
to soliton orders close to 1 (NCWo1oNCCW for 2.5 psoTFWHM

o3.2 ps). Within this range, considering that the loop length
includes several soliton periods (Z0 ¼ pTFWHM

2 /|b2|/6.21E180 m
for TFWHM ¼ 3 ps and parameters of this study), both pulses
quickly evolve towards solitons with minor adjustments of their
parameters. In this case, both pulses propagate as nearly
fundamental solitons practically over the whole fibre length. So
the substantial widening of the plateau that occurs over this range
of pulse duration appears to be a manifestation of the outstanding
stability of solitons to small variations of pulse parameters [30].
For larger pulse durations, however, the main part of the former
plateau acquires a positive slope, whereas only its upper end is
maintained horizontal (see Fig. 3(a) for TFWHMX3.5 ps, thick
dashed). This occurs as the N parameter at the plateau becomes
41 for both CW and CCW beams (see Fig. 3(c)). In particular, the
CCW pulse undergoes important readjustments to match the
fundamental soliton (as far as NCCWo1.5), a process which may
be uncompleted at the fibre end (Z0 being larger for larger pulse
duration). This evolution corresponds to a sudden increase of the
plateau centre as the pulse width grows beyond TFWHM ¼ 3 ps, this
jump is visible in Fig. 3(d). Symmetrically, the plateau is
shortened for small values of pulse duration, in which case NCW

and NCCWo1, and important readjustments are at play in
particular for the CW pulse (although Z0 is smaller in this case,
simulations show that the profile converges to a soliton only after
�500 m for TFWHM ¼ 1 ps, due to the importance of the readjust-
ments). So it appears that the plateau widens substantially only
when both pulses behave as fundamental solitons over an
extended section of the fibre span.

As a comparison, we also determined numerically the plateau
width in the case of a large-power-imbalanced NOLM [36]. It
consisted of a �0.91/0.09 coupler and a section of the same fibre
as the NPR-based NOLM (although untwisted). Polarisation was
assumed to be linear (i.e., polarisation effects were not consid-
ered). The loop length, LE200 m, was chosen so that the switching
power would be the same as the NPR-based NOLM. In order to
maintain a flat plateau in the nonlinear characteristic for all values
of input pulse duration, the coupling ratio of the coupler was
slightly adjusted around 0.91/0.09 in each case. These results are
included in Fig. 3(b), dotted curve. It appears that the maximal
plateau width is lower in this case: �22% for TFWHME2.5 ps,
a value comparable with the one found experimentally in [36,
Fig. 1]. This can be understood by considering that, due to the
large power imbalance of this scheme, the soliton orders of the
counter-propagating pulses are always very different (Fig. 3(c),
dotted curves). Besides, considering that the pulse will evolve
towards a fundamental soliton only if 0.5oNo1.5, it comes from
observing Fig. 3(c) that the CW and CCW pulses will never evolve
simultaneously towards first-order solitons. It has to be noted
however that, unlike the proposed scheme, the plateau width for
the large-power-imbalanced NOLM only slightly varies with input
pulse duration, and remains at a value close to the maximum
(420%) over a wide range of TFWHM.

Finally, Fig. 3(d) shows that the input pulse energy at the
plateau is quite constant over the range of pulse duration
1.5 psoTFWHMo3 ps, with a slight parabolic dependence related
to the dispersive wave that builds up when the input pulse
parameters deviate from the ideal soliton parameters [30].
Correspondingly to this nearly constant Ein characteristic, input
peak power is roughly inversely proportional to pulse duration. In
practice, input peak powers of a few watts are compatible with
the power levels that can be produced using currently available
optical communication technology, even in the case of rather high
signal duty ratio. In particular, the signal can be obtained from
ultrashort pulse trains produced by semiconductor laser diodes or
mode-locked fibre lasers. If the signal power is boosted by an
erbium-doped fibre amplifier, average powers as high as several
hundreds of milliwatts can be obtained [4,12]. Assuming for
example an ultrashort-pulsed signal at 40 Gb/s presenting a duty
ratio of 0.1, peak powers of a few watts are readily obtained.

Fig. 4 shows some characteristics of the switched pulses when
their input energy is matched to the plateau, as functions of pulse
duration. Fig. 4(a) presents the soliton order N of the output
pulses. As those appeared to be nearly circularly polarised, N was
calculated using the nonlinear coefficient for circular polarisation,
2/3g (thin solid). The N curve obtained using g as the nonlinear
coefficient is also presented (thick solid), as the circular right
polarisation of the pulses can be easily made linear using a QWR
at the NOLM output. The values of N in the latter case are very
close to 1, like in the case of the large-power-imbalance NOLM
(dotted curve). This feature is interesting, in particular if we
compare with the case of a conventional NOLM using a slightly
power-imbalanced coupler: if the counter-propagating pulses
evolve towards fundamental solitons (NE1) in the loop, at
switching, where transmission is close to 1 and the fields add
up in phase, the output peak power is about twice the peak power
of the individual pulses, leading to a soliton parameter close to
O2, thus substantially higher than 1 [37, Fig. 2]. Note that this also
happens for the NPR-based NOLM when a ¼ 0, as in this case the
maximal transmission is also close to 1 (Fig. 4(a), dashed). In
contrast, when a is adjusted to get a plateau, the output soliton
parameter close to 1 can be related to the fact that, at the plateau,
the NOLM transmission is about 0.5 (see Fig. 2(a)).

Fig. 4(b) (solid) shows the output pulse ‘‘pedestal’’, calculated
as the relative difference in modules between the output pulse
energy and the energy of the squared hyperbolic secant pulse
having the same TFWHM and peak power as the actual pulse. This
pedestal is related to the dispersive waves that form when the
pulses injected in the loop depart from fundamental solitons. The
nearly parabolic shape of the curve is coherent with the results of
soliton perturbation theory [30]. The smaller pedestal values
are observed in the range where the soliton orders are close to 1,
with a minimal value of �5% for TFWHM ¼ 3 ps. The formation of
dispersive waves cannot be avoided, however, for any value of
input pulse duration, as the soliton parameters of the injected
beams cannot be ¼ 1 simultaneously (Fig. 3(c)). These dispersive
waves are switched to the NOLM output, together with the soliton
part, as low-power transmission is high when a plateau is formed
in the Eout characteristic, and no pedestal suppression takes place
(Fig. 2(a)). In spite of this, the minimal values of a few % obtained
when the plateau width is maximal still support the comparison
with the performances of the NOLM when a ¼ 0 (dashed curve in
Fig. 4(b)), or with conventional NOLMs close to the switching
power [37, Fig. 1], although in these cases low-power transmission
is small. In the case of the large-power-imbalance NOLM (dotted
curve in Fig. 4(b)), the pedestal values when the plateau width is
maximal (TFWHME2.5 ps) are also of a few % only, in spite of
the initial values of N that strongly depart from 1 in this case
(Fig. 3(c)). This has to be related to the short loop length of this
NOLM, which does not allow the dispersive wave to develop
completely.

Fig. 4(c) presents the dependence of output versus input pulse
durations. For short input pulse duration, the soliton order at the
fibre input is o1 for both pulses (Fig. 3(c)), hence their duration
increases during propagation so as to increase the soliton order [30].
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As a consequence, the pulse duration at the NOLM output is larger
than at the input. For 2.5 psoTFWHMo3.2 ps, the soliton order is o1
for the CW pulse and 41 for the CCW pulse, so that the pulse
durations slightly increase and decrease during propagation,
respectively, and the switched pulse duration is nearly identical to
the input duration. For wider input pulses, the soliton order is 41
for both pulses, which leads to pulse shortening and yields an
output pulse shorter than the input pulse.

Fig. 4(d) and (e) show the dependences of output peak power
and pulse energy, respectively, on input pulse duration. These
parameters, like the output pulse duration (Fig. 4(c)), are nearly
constant near the maximal plateau width (TFWHM ¼ 2–3 ps). These
results confirm that, over a relatively wide range of input pulse
duration, when the input energy is adjusted at the plateau,
solitons tend to form during the propagation in the loop in each
direction and, when they recombine at the coupler, their duration
and peak power are roughly independent of their initial values.
This can be understood by considering that the nonlinear phase
shift of solitons is proportional to their peak power, and that the
plateau appears for a particular value of the nonlinear phase shift
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difference between counter-propagating beams (�1.2p as deter-
mined in [29]). Considering that the soliton period is substantially
shorter than the loop length, peak powers of solitons at the
plateau are then imposed by the condition that their nonlinear
phase shift difference be �1.2p. Over the range 2.5 psoTFWHMo3
ps, Figs. 3(d) and 4(d) show that the output peak power is nearly
half the input peak power, which confirms that the pulses suffered
little reshaping during propagation [the NOLM transmission at the
plateau is �0.5 in all cases, see Fig. 2(a and b)]. Shorter input
pulses widen during propagation, so that their peak power
diminishes, and the opposite happens for larger input pulses, so
that higher input peak power is associated with lower output peak
power, and conversely, so as to maintain in all cases the overall
phase shift difference �1.2p. Finally, the slight parabolic depen-
dence of output pulse energy on the pulse duration (Fig. 4(e)) has to
be related to the same dependence already observed in Ein (Fig. 3(d)).

Fig. 4(f) (solid) presents the dependence of the time-
bandwidth product of output pulses. Also shown in the figure is
the ratio between the time-bandwidth product and the time-
bandwidth product of the transform-limited pulses having the
same temporal profile as the actual output pulses. The figure
shows that, over the range of 2.5 psoTFWHMo3 ps, output pulses
are nearly transform-limited, but the time-bandwidth product is
smaller than the expected value of �0.31 for transform-limited
squared hyperbolic secant pulses. This also happens for conven-
tional NOLMs near switching [37], and can be attributed to the
effect of the dispersive wave, which tends to narrow the spectrum
linewidth. For TFWHM ¼ 3 ps, very similar values are obtained for
the NPR-based NOLM with a ¼ 0 (dashed lines). In comparison,
the pulses from the large-power-imbalance NOLM substantially
depart from the transform limit when the plateau width is
maximal (TFWHM ¼ 2.5 ps, dotted curves). Note finally the steep
transitions that are visible in Fig. 4(a, c, d and f) near TFWHM ¼ 3
ps, related to the jump in the plateau energy of the NPR-based
NOLM that occurs around that pulse duration (Fig. 3(d)).

From the analysis of Fig. 4, it appears that the operation of the
NPR-based NOLM used as pulse energy equaliser is optimal when
the soliton numbers of the pulses injected into the loop are close
to 1. Note that this means that the soliton number of the input
pulses should be close to 2, which implies a previous amplifica-
tion of the input pulses if those are close to fundamental solitons.
Equalisation of energy fluctuations as high as �25–30% is possible
over some range of input pulse duration (2.5 psoTFWHMo3 ps for
the parameters of this study), and yields nearly chirp-free pulses
close to fundamental solitons, with a pedestal not higher than a
few %. Outside this range, however, important pulse reshaping
takes place, and the plateau is very narrow, allowing the
equalisation of energy fluctuations not higher than 10–15%, at
the price of a high chirp and a large pedestal affecting the output
pulses. In particular, for larger pulses, a different NOLM should be
used, for example implementing a longer loop of the same fibre, or
the same length of a fibre having higher dispersion, in order to
maintain the soliton parameter close to 1 for the counter-
propagating pulses. When the input pulses are Gaussian instead
of solitons, the device performances are roughly the same, except
that the pulse duration for maximal plateau extension is slightly
modified (�2.6 ps), as well as the optimal adjustments of the QWR
angle. In particular, around this optimal pulse duration, the
plateau extension is not reduced as compared to the sech2 case,
and the output pedestal remains limited to a few %, in spite of the
additional readjustments that take place when the pulses evolve
towards ideal solitons.

When the duty ratio of the signal (and thus its mean power) is
large, as it occurs at very high bit rates, the operation of a NOLM
can be severely affected by the cross-phase modulation (XPM)
between counter-propagating beams [4,23,38–40]. In conven-
tional self-switched devices, the counter-propagating interaction
is responsible for the appearance of a phase bias in the
transmission characteristic, which is proportional to the signal
mean power. As a result, low-power transmission is no longer
minimal, and the switching power is increased [40]. In the case of
the NPR-based NOLM, one should consider that the nonlinear
phase shift coefficients resulting from XPM between parallel and
orthogonal polarisation components are different [30]. In the
particular case of circular birefringence, however, these coeffi-
cients become equal, and considering that the counter-propagat-
ing beams have equal powers, it comes that the XPM phase shifts
undergone by the CW and CCW beams are equal. As a
consequence, these phase shifts cancel out at the NOLM output,
and the NOLM operation is not altered with respect to the case of
low-duty-ratio signals. If now fibre birefringence is not perfectly
circular, the phase shifts induced by XPM no longer cancel out,
and the transmission curve is affected. For the QWR angle
adjustment corresponding to a plateau under low-duty-ratio
signals, a plateau is no longer observed in the case of a high-
duty-ratio signal. A plateau can still be found however for a
different adjustment of the QWR angle. The plateau power is
slightly increased, however, as a result of the phase bias. The
maximal plateau width is similar to the case of low-duty-ratio
signals, although this maximum occurs for slightly smaller pulse
durations, as a consequence of the increase in the plateau power.
3. Conclusion

We studied numerically the NPR-based NOLM for reduction of
large amplitude fluctuations of an ultrashort-pulsed optical signal.
For circular input polarisation, when the orientation of the QWR
inserted in the loop is properly adjusted, a flat plateau appears in
the output power characteristic. We showed that, thanks to the
interplay between anomalous dispersion and Kerr nonlinearity,
the impairments caused by the group velocity mismatch between
circular polarisation components of the ultrashort pulses are
minor for moderate values of twist. Our analysis also showed that,
when the parameters of the input pulses injected in the loop are
close to those of a fundamental soliton in both directions, a
substantial enhancement of the plateau width occurs. In this case,
amplitude fluctuations as large as 28% can be reduced to less than
2% using this scheme. As a comparison, this maximum reduces to
�22% if a large-power-imbalance NOLM with the same switching
energy is used. The output pulses are close to transform-limited,
first-order solitons, although their time-bandwidth product is
slightly smaller than the one of ideal solitons, due to the existence
of a dispersive wave which amounts to �5% of the total pulse
energy. When the input pulses are not close to solitons, however,
the plateau width is substantially smaller, the output pulses are
strongly chirped and are accompanied by a strong pedestal. This
emphasises that the NOLM parameters should be adapted to the
particular pulse parameters for proper regeneration operation.
The device has the potential to realise tasks such as enhancement
of very low signal-to-noise ratio in ultrafast transmission systems.
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