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A numerical study of a fibre-based scheme for the regeneration of ultrashort-pulsed optical signals is
presented. The setup is made of a power-symmetric Nonlinear Optical Loop Mirror (NOLM) followed by a
polariser. The NOLM operates through nonlinear polarisation rotation, and includes twisted, anomalous-
dispersion fibre and a quarter-wave retarder. When the orientations of the linear input polarisation and
of the output polariser are properly adjusted, the output energy characteristic flattens at high power, a
property that can be used to eliminate large amplitude fluctuations on the logical ones of an optical
signal. When the input pulse parameters closely match those of fundamental solitons or of stable
elliptically polarised solitary waves, a wide and flat plateau is obtained, allowing the reduction of ∼30%
amplitude fluctuations to less than 1%. Very large amplitude fluctuations beyond 50% can also be reduced
down to a few %. Although the output pulses are slightly chirped, they are free of pedestal, thanks to the
zero low-power transmission of the NOLM, which also allows the simultaneous regeneration of logical
zeros. We believe that this setup will be useful for the regeneration of highly degraded signals in future
ultrafast transmission networks.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

In order to allow the transmission of data streams at 40 Gbits/s
or beyond over long distances, all-optical signal regeneration tech-
niques capable of handling ultrashort pulsed signals at very high
rates will be needed in future transmission networks. The regener-
ation task includes the reduction of amplitude jitter on logical ones
and the suppression of the optical power present on the logical ze-
ros, which originates from amplifier noise, or from ghost pulses, for
example.

Several fibre-based techniques were developed to tackle with
these two problems. One of them is based on cascaded four-wave
mixing in fibre [1–3], and another relies on self-phase modula-
tion followed by offset filtering [4–6]. The first technique allows
realising near-ideal step-like transfer functions, at the price how-
ever of a rather complicated setup, including one (or multiple)
intense continuous-wave pump, and a phase or frequency modula-
tion scheme for both signal and pump in order to suppress stimu-
lated Brillouin scattering. Another inconvenient of the technique is
that the wavelength of the regenerated signal differs from the ini-
tial signal wavelength. The latter technique also allows high-quality
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regeneration, and usually leads to simpler regenerator structures,
as no pump source is needed. However the regenerated signal is
also wavelength-shifted. Two stages are needed for wavelength-
shift-free regeneration, which complicates the setup [7].

The fibre Nonlinear Optical Loop Mirror (NOLM) [8], which ex-
ploits the ultrafast nonlinear Kerr effect in silica fibre, is a sim-
ple and versatile device which can also be used for this task [9].
Its transmission characteristic T (P in) = Pout/P in is typically a si-
nusoidal function of power, which is minimal a low power and
reaches a maximum at high power. This implies that the out-
put power characteristic Pout = T P in grows slowly at low power,
a property that can be exploited for noise reduction on the ze-
ros or pedestal suppression [10], and presents a maximum at high
power, slightly beyond the transmission maximum, which can be
used to reduce amplitude fluctuations on logical ones [11]. This
maximum is not very extended however, as only the first deriva-
tive of Pout cancels out at this point, and only allows the suppres-
sion of relatively small amplitude fluctuations, whereas somewhat
larger fluctuations are imperfectly eliminated due to the concav-
ity of the characteristic [11]. Large amplitude fluctuations can be
suppressed however using a strongly power imbalanced setup, in
which a 0.9/0.1 coupler is employed, as for this particular coupling
ratio an extended plateau appears in the Pout characteristic, where
its first two derivatives cancel out simultaneously [12]. Amplitude

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/yofte
mailto:pottiez@cio.mx
http://dx.doi.org/10.1016/j.yofte.2008.09.004


O. Pottiez et al. / Optical Fiber Technology 15 (2009) 172–180 173
Fig. 1. Configuration under study.
fluctuations larger than 20% can be eliminated using this setup. In
a previous work, we showed that a similar characteristic could be
obtained using a power-symmetric architecture [13]. In both cases
however, low-power transmission is high, yielding poor noise re-
duction on the zeros. On the other hand, a NOLM designed for
zero regeneration yields poor performance for the regeneration of
ones, as already mentioned. In general, a NOLM-based setup for
signal regeneration includes several stages [14].

In a previous work [15], we showed that a setup based on
a power-symmetric, nonlinear polarisation rotation (NPR)-based
NOLM and a polariser could be used to generate a characteristic
presenting a wide plateau at high power, without having to sacri-
fice the zero low-power transmission of the NOLM. The NOLM op-
erates through a polarisation asymmetry instead of a power asym-
metry between the counter-propagating beams. 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 during
propagation, twist is applied to the fibre, which then becomes op-
tically active and behaves like an ideal isotropic fibre [16]. Previous
efforts to describe the device operation all relied on a continuous-
wave model [17,18], which also yields quite accurate predictions
for large pulses (with durations higher than, say 10 ps). Substan-
tial differences are to be expected however in the ultrashort (∼ps)
pulse regime, when chromatic dispersion and group velocity mis-
match between polarisation components play an important role. In
this case, where nonlinear phase shift and polarisation no longer
vary only with power but also with time across the pulse, the
properties of the above mentioned plateau will critically depend
on the input pulse properties. Actually, the very existence of this
plateau could be jeopardised.

Since the NOLM invention, numerous numerical studies were
carried out to analyse the device operation in the ultrashort pulse
regime. In the case of anomalous dispersion, these studies showed
the outstanding properties of solitons, which can be switched
entirely with minimal pulse shape distortion [8,19], and demon-
strated the capabilities of the device for pulse compression and
shaping [20,21], pedestal removal [10] or soliton stabilisation over
long transmission links [22]. However, most of these studies used
a scalar approach, neglecting the polarisation effects which play
nevertheless an important role, in the continuous-wave as well
as in the ultrashort pulse regimes. In the latter case in particu-
lar, the physics of solitons is modified when polarisation effects
are taken into account. For example, in an isotropic fibre, solitons
in the strict sense do not exist for states of polarisation other than
linear or circular. In spite of this, only a few studies of polarisation
effects in NOLMs can be found in the literature [18,23–25], most
of which do not investigate in detail the ultrashort pulse regime.

In this paper, we analyse numerically the operation of the NPR-
based NOLM followed by a polariser in the ultrashort pulse regime.
Dispersion is anomalous, and pulses with sech2 intensity profiles
are considered. The properties of the plateau that can be generated
in the output energy characteristic of the device are discussed in
function of the duration of the input pulses.

2. Numerical analysis

The setup is presented in Fig. 1. It includes a NOLM fol-
lowed by a polariser. The NOLM consists of a symmetrical cou-
pler, a quarter-wave retarder (QWR) and a piece of circularly
birefringent fibre. The QWR causes the beams to have differ-
ent polarisations, whereas circular birefringence (obtained through
twist) ensures that these polarisations are maintained over the
whole fibre length. The loop has a length L = 1 km, an anoma-
lous dispersion value D = 19 ps/nm/km (β2 = −24.2 ps2/km at
1550 nm), and a nonlinear coefficient for linear polarisation γ =
7.5 W−1 km−1. The continuous-wave NOLM minimal switching
power can be calculated as Pπ = 6π/γ L = 2.51 W (note that, in
previous works [15], a factor of 4 instead of 6 appears in the ex-
pression of Pπ , as in that case the nonlinear coefficient, defined
for circular polarisation, was β = 2/3γ , yielding Pπ = 4π/βL). The
parameters were chosen in order to ensure that a NOLM with rel-
atively moderate length could properly switch pulses having their
duration in the picosecond range for a peak power not higher than
a few watts. Input polarisation is linear, and its angle ψ (defined
with respect to one of the QWR axes) can be adjusted. At the
NOLM output, a polariser making an angle χ with the QWR se-
lects one of the linear polarisation components of the emerging
pulse.

In practise, circular birefringence can be obtained in a standard
silica fibre simply by applying twist. Twist has two effects. First,
it rotates the fibre birefringence axes, so that the fibre residual
birefringence, whose beat length LB ≈ 10–50 m [26,27], is easily
averaged out by a moderate twist of 1 turn/m or less. A second ef-
fect is the generation of optical activity, causing light polarisation
to rotate at ∼5% of the twist rate [18,28]. When the fibre is wound
on a spool after twisting, the stress-induced birefringence axes do
not rotate with twist, whereas the polarisation rotates with respect
to these axes at only ∼0.05 times the twist rate, so that the aver-
aging out of birefringence is less effective in this case. However,
it was shown that, if the radius of curvature is kept sufficiently
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Fig. 2. (a) Transmission and (b) output energy characteristics of the NOLM for various values of ψ = π/4, 0.4π/4, 0.2π/4, 0.1π/4 and 0 (in the sense of the arrows). FWHM
input pulse duration TFWHM = 1.8 ps. Shaded box materialises the interval between the peak powers for which the CW and the CCW pulses are fundamental solitons when
ψ = π/4 (6.46 W and 9.68 W, respectively).
large (say, 30 cm), a moderate twist rate of 1 turn/m can still be
sufficient to ensure nearly circular birefringence [16]. On the other
hand, for large values of twist (e.g., 5–10 turns/m), we observed
through numerical simulations that ultrashort pulses are severely
distorted by the group velocity mismatch between their two cir-
cular polarisation components. In particular, pulses at the NOLM
output present a strong asymmetry and are substantially widened
with respect to the case of moderate twist, even though at high
power the polarisation components remain bound together during
propagation thanks to the interplay between dispersion and Kerr
effect, and the pulses do not split [29]. For this reason, high twist
has poor practical interest for our purposes and, in this study, we
consider a circularly birefringent fibre loop with a moderate twist
of 1 turn/m. In this case, the simulated results show no substan-
tial difference with respect to an ideal isotropic fibre loop, even in
the ultrashort pulse regime.

To study the NOLM operation in the ultrashort pulse regime,
the coupled nonlinear Schrödinger equations are used [29]. In the
basis of circular polarisation [C+,C−], they write as
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1 ). Note that, for circular polarisation, the self-

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

The continuous-wave analysis of the NPR-based NOLM [30]
showed that, for particular values of the QWR orientation, low-
power transmission = 0. In order to ensure maximal extinction
ratio enhancement, the QWR is maintained in such a position. In
this case, the switching characteristic is a sinusoidal function of
input power, which grows from 0 at low power and reaches 1
for some nonzero value of power, called the switching power, Pπ .
The value of Pπ depends on the angle ψ of input polarisation
with the QWR. This comes from the fact that, whereas the CW
beam is always linearly polarised, the polarisation of the CCW
beam is generally elliptic, and depends on ψ . If ψ = π/4, the
CCW polarisation is circular after passing the QWR, the polarisa-
tion asymmetry between CW and CCW beams is maximal, and Pπ

is minimal. If now ψ = 0, both beams are linearly polarised, no
nonlinear phase shift difference appears and transmission does not
grow with power (Pπ = ∞). Hence, in continuous-wave operation,
the NOLM switching power can be adjusted between a minimal
value and infinity simply by adjusting the input polarisation orien-
tation.

In the case of ultrashort pulses, as expected, the inclusion of
dispersion substantially modifies the quantitative results. The qual-
itative behaviour however remains the same as above, as shown in
Fig. 2, where the transmission T N and output pulse energy Eout
characteristics of the NOLM are presented, for various values of
the input polarisation orientation. The transmission is here de-
fined as the ratio between the pulse energies at the NOLM output
and input, respectively, T N = Eout/E in. Maximal transmission is no
longer = 1, as low-power skirts of the pulse do not transmit well
through the NOLM, except when the counter-propagating pulses
turn out to be close to solitons, with a nonlinear phase shift nearly
constant across the pulse profile (shaded box in Fig. 2).

The continuous-wave description of the NOLM also allowed
studying the output polarisation in function of the input power
and polarisation, and of the NOLM parameters [30]. In particu-
lar, for linear input polarisation, the ellipticity (ratio between mi-
nor and major axes) of the output polarisation was shown to be
independent of power, and to depend on the input polarisation
angle ψ . When ψ is close to 0, output polarisation is close to lin-
ear. As ψ increases, the output ellipticity gradually increases, until
polarisation becomes circular for ψ = π/4. For a given input polar-
isation orientation, the output ellipticity is not modified as power
is increased, although the ellipse rotates proportionally to power.
These results suggest that, if a polariser is placed at a given ori-
entation χ after the NOLM output, its transmission T P will vary
sinusoidally with power. The amplitude of this variation is related
with the NOLM output ellipticity (and thus with ψ ), whereas the
position of its maxima and minima (its phase) can be adjusted
through the polariser orientation χ . By adjusting ψ and χ , it is
possible to obtain a T P characteristic that flattens the maximum
of T N , so that the resulting output power characteristic presents a
wide plateau, where the first three derivatives cancel out simulta-
neously [15].

In this work, we intend to generalise this principle to the ul-
trashort pulse regime. More specifically, the goal is to show nu-
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merically that it is possible, using a NPR-based NOLM followed by
a polariser, to obtain a flat plateau in the resulting output power
characteristic, Eout = T N T P E in, and to analyse its characteristics,
like its width and flatness. One important aspect is that, in gen-
eral, the output state of polarisation will now vary across the pulse
profile, which complicates the analysis. As it will appear later, in-
teresting properties appear when the pulses propagating in the
loop are close to solitons, so that we will analyse this case with
some detail. In a nearly isotropic fibre, first-order (N = 1) soli-
tons only exist for linear and circular polarisations, having in each
case different width-height products [31], a fact that can be un-
derstood by considering that the nonlinear coefficient = γ in the
former case and 2/3γ in the latter case. In both cases, the pulse
will suffer no alteration during propagation, in particular its polar-
isation (linear or circular) will remain constant across the profile.
Strictly speaking, however, no elliptic solitons exist, and there is
no way that an initial uniformly elliptically polarised pulse can
propagate without deformation. Nevertheless, some solitary wave
solutions were found for elliptic polarisation in an isotropic fibre,
one of which is stable [31]. For this solution, the polarisation state
is not constant across the pulse, but constitutes a fixed pattern
that rotates as the pulse propagates, in quite the same way as for
continuous-wave light. As the polarisation is not constant across
the pulse, the pulse profiles of the two circular polarisation com-
ponents are different: the lower-amplitude component is slightly
shorter than the stronger one. This solution however only slightly
differs from a squared hyperbolic secant pulse with uniform ellip-
tic polarisation, as it will appear in the following.

Even though elliptic solitons can not be defined, let us look
for a condition under which a squared hyperbolic secant pulse
with uniform elliptic polarisation across its profile undergoes min-
imal deformation during propagation (except for a global nonlinear
rotation of the polarisation ellipse). In this case, as in first approxi-
mation only one polarisation state is involved, the problem can be
considered as scalar, and the scalar soliton theory can be applied.
The properties of such “approximate solitons” depend on the non-
linear coefficient for that particular state of polarisation, which can
be extracted from the continuous-wave propagation equations. Let
us rewrite Eq. (1) with Δβ1 and β2 = 0 as:
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where P = |C+|2 + |C−|2 is the optical power and Ac = |C+|2 −
|C−|2/P is the first Stokes parameter. Let us now define an el-
liptic polarisation basis [S+, S−], with S+ = cosαC+ + sinαC−
and the orthogonal polarisation vector S− = − sinαC+ + cosαC− ,
where 0 � α � π/2 and let us consider a pure S+ input polarisa-
tion. Using Eq. (2), Ac = (cosα)2 − (sinα)2 and some trigonometric
identities, the equation for the evolution of S+ is given by
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The first term in Eq. (3) corresponds to SPM, whereas the second
term is responsible for NPR [16]. The first term allows to define a
nonlinear coefficient for the S+ polarisation,
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For linear (α = π/4) and circular (α = 0 or π/2) input polarisa-
tions, this formula yields the well-known coefficients γα = γ and
γα = 2/3γ , respectively. In analogy with exact solitons, the el-
liptically polarised pulse will undergo minimal deformation if its
peak power P0 and full width at half maximum (FWHM) duration
TFWHM verify N2 = γα P0(TFWHM/1.763)2/|β2| = 1, where β2 is the
dispersion parameter of the fibre.

We simulated the propagation along a fibre with anomalous
dispersion of a hyperbolic secant pulse with uniform elliptic po-
larisation, and whose peak power P0 and full width at half maxi-
mum (FWHM) duration TFWHM verify N2 = γα P0(TFWHM/1.763)2/

|β2| = 1. For convenience, throughout this text we will refer to the
value of N calculated using the above formula as the “soliton or-
der,” although it is clear that no soliton is formed when N is not
an integer, and that no soliton in the strict sense exist for ellip-
tic polarisation. As shown in Fig. 3(a), after 1 km of propagation
(∼7 soliton periods), only minor changes affect the pulse profile.
In particular, changes are barely visible in the stronger circular
polarisation component. As to the small-intensity component, its
duration is slightly decreased and its peak power is correspond-
ingly increased, as the pulse evolved towards the stable solitary
wave described in [31]. Besides, the phase remains constant over
most of the pulse width, in quite the same way as it happens for
solitons. Fig. 3(b) further confirms that the polarisation remains
nearly the same across the pulse, except in the low-intensity wings
[Fig. 3(c)]. After propagation, the ellipticity near the pulse cen-
tre is also nearly the same as at the input [except for a global
nonlinear rotation of the pattern, see thick arrow in Fig. 3(b)]. In
summary, although they are not strictly invariant during propaga-
tion, elliptic sech2 pulses undergo minimal distortion and remain
approximately unchirped and uniformly polarised as they propa-
gate when N = 1.

The above analysis suggests that, if the pulses that counter-
propagate in the NOLM loop are solitons or elliptic sech2 pulses
with N = 1, the generation of a wide flat plateau in the charac-
teristic of the NOLM with output polariser is still possible, as in
this case the pulses behave essentially like in the continuous-wave
case, with overall nonlinear phase shift and polarisation rotation
and almost no variation of phase and polarisation across the pulse.
It should be noted however that, although they have equal powers
due to the 50/50 coupler, the soliton order NCW of the linearly po-
larised CW beam and the order NCCW of the elliptically polarised
CCW beam cannot be simultaneously = 1, as the nonlinear coeffi-
cients are different for these two polarisations. For a given input
polarisation orientation ψ , the ellipticity of the CCW beam after
the QWR is determined by α = π/4 − ψ , which allows the calcu-
lation of the corresponding nonlinear coefficient γα . If both NCW
and NCCW are sufficiently close to 1, however, although different,
pulse distortions are small and the analogy with the continuous-
wave case still applies.

We showed in [15] that, in the continuous-wave case, if the
input polarisation and polariser angles are properly adjusted,
a plateau appears for a particular value of power, which is slightly
beyond the switching power. In the case of solitons, the input peak
power is also imposed by the nonlinear phase shift needed to
reach the plateau. If the pulses injected in the loop in each direc-
tion are close to solitons (NCW, NCCW ≈ 1), their duration is thus
imposed as well, through the relation existing between peak power
and duration. Fig. 4 shows the results obtained for an input pulse
with duration TFWHM = 2.3 ps. It can be seen in Fig. 4(b) that, for
proper adjustment of ψ and χ , a wide plateau appears at an in-
put peak power of ∼4.3 W. The figure also shows that, for this
duration, the interval over which the soliton orders of the counter-
propagating beams are close to 1 (NCCW < 1 < NCW, shaded area)
is centred with the plateau. At the power of the plateau centre
(∼4.3 W), the pulse profiles thus undergo minimal distortions
during propagation along the loop. If the average peak power of
the input pulses is 4.3 W, energy fluctuations of ∼30% can be
reduced to ∼1% at the polariser output. Fig. 4(c) presents the
time-bandwidth product (TBP) of the output pulses (solid curve),
as well as the TBP of the transform-limited (TL) pulses having the
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Fig. 3. (a) Power profiles of C+ and C− components of an elliptically polarised sech2

pulse prior to (dashed) and after (solid) propagation through 1 km of fibre; the
phase profile of the output pulse is also represented (dotted line); (b) polarisation
state at various positions across the pulse profile [arrows in part (a)], prior to (dot-
ted) and after (solid) propagation; (c) detail of part (b), where thick solid lines show
the output polarisation in the profile skirt at 8, 9, 10, 11 and 12 ps away from the
peak. Initial pulse duration TFWHM = 2.65 ps, α = 0.4π/4, D = 19 ps/nm/km, and
γ = 7.5 W−1 km−1.

same temporal profile as the actual output pulses (dashed curve).
Note that even the TBP of the TL pulses varies with input power:
even if the considered input profile is invariably a sech2, the out-
put pulse profile varies with input peak power (in particular, the
reduction of the TBP of the TL pulses at the high power end of
Fig. 4(c) is related to pedestal formation). Over the extension of
the plateau, the TBP of the output pulses is around 0.3, although
the TBP of the TL pulses is smaller, indicating the presence of some
chirp in the actual pulses. The difference between the two curves
is minimal however at the plateau. Fig. 4(d) shows the soliton or-
der of the output pulse, for linear polarisation. The output soliton
order does not present strong variations across the plateau, and is
quite close to 1. Finally, Fig. 4(e) shows the “pedestal,” calculated
as the relative difference in modules between the output pulse en-
ergy and the energy of the squared hyperbolic secant pulse having
the same TFWHM and peak power as the actual pulse. A pedestal
tends to form when the pulses injected in the loop depart from
fundamental solitons. In the present case, the pedestal does not
amount to more than a few %, as the zero low-power transmission
of the NOLM ensures efficient pedestal suppression [Fig. 4(a)]. At
the plateau centre, where NCW and NCCW ≈ 1, the pedestal reaches
its minimal value of ∼0.7%. Away from the plateau, however, the
output pulse presents a substantial pedestal, as the pedestals ac-
companying each of the counter-propagating pulses are different
and do not cancel out when they interfere at the NOLM output.

To illustrate the regenerative action of the device, Figs. 4(f)
and 4(g) show an example of eye diagrams obtained at the re-
generator input ant output, respectively, after filtering the signal
in each case using a Gaussian bandpass filter with 1.25-nm FWHM
bandwidth. 2.3-ps sech2 pulses are used to form a 40-Gb/s return-
to-zero on-off keyed (RZ-OOK) signal. The input signal is degraded
by a substantial amount of Gaussian amplitude noise, as shown by
Fig. 4(f). Fig. 4(g) shows that the noise on both marks and spaces
is strongly reduced at the device output.

Fig. 5 shows the transmission and output energy characteristics
of the NOLM and polariser for different values of the input pulse
duration. Again, ψ and χ are adjusted so as to get a “plateau”
as flat as possible in the output energy characteristic (in the case
of ψ , the optimal adjustment is found to be roughly the same for
all values of TFWHM). When TFWHM �= 2.3 ps, the soliton orders of
the CW and CCW pulses are no longer close to 1 for peak power
values corresponding to the plateau. In this case, and as far as the
soliton orders do not get close to another integer (0.5 < N < 1.5),
each pulse evolves during propagation to adjust its parameters to
reach N = 1. This takes a few soliton periods. With the parame-
ters of this study, and over the range of pulse duration considered
(1.8 ps < TFWHM < 3.5 ps), the soliton period is included between
∼65 m and ∼260 m, so that this evolution is nearly completed
in all cases after the 1-km propagation in the loop. For each in-
put pulse duration, the input peak power at the plateau centre
will have a value such that the average peak power of the pulses
(which will vary during propagation) corresponds to the nonlin-
ear phase shift needed to reach the plateau. If TFWHM < 2.3 ps, it
appears in Figs. 5(b) and 5(d) that the input peak power at the
plateau is higher than in the case of Fig. 4, and the soliton or-
ders are smaller (<1). Indeed, in this case, the pulses widen and
their peak powers are reduced during propagation as their soliton
orders get close to 1. When pulses are shorter, their input peak
power is thus higher, which ensures that the same average peak
power is maintained over propagation. If now TFWHM > 2.3 ps,
Figs. 5(f) and 5(h) show that the input peak power at the plateau
is lower than in the case of Fig. 4, and that the soliton orders are
larger (>1). This can be understood by considering that the pulses
in this case will get shorter during propagation, and their peak
power higher, in order to reduce the soliton number. The input
peak power is thus reduced for longer pulses in order to maintain
the same average peak power corresponding to the plateau.

As in the cases presented in Fig. 5 the soliton numbers of the
injected pulses are not close to 1 at the plateau, the pulses suf-
fer substantial readjustments during propagation, so that one may
expect some differences with respect to the case of Fig. 4. Fig. 6
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Fig. 4. (a) Transmission and (b) output energy characteristics of the NOLM and of the NOLM followed by the polariser (NOLM+P). The polariser (P) transmission is also
included in part (a), and the soliton orders of the CW and CCW pulses when they are injected in the loop are shown in part (b); (c) time–bandwidth product of the NOLM+P
output pulses (solid) and of the transform-limited pulses (dashed); (d) output soliton order and (e) pedestal of the output pulses, as functions of input peak power; (f, g) eye
diagrams obtained at the regenerator input and output, respectively, for a 40-Gb/s signal with Gaussian amplitude noise and average input peak power = 4.3 W (a Gaussian
bandpass filter with 1.25-nm FWHM bandwidth was used). Input pulse duration TFWHM = 2.3 ps, ψ = 0.59π/4 and χ = 0.82.
shows the plateau width as a function of input pulse duration,
for several values of the maximal residual energy fluctuation tol-
erated at the device output. This width is thus defined as the
maximal relative energy fluctuation of the input pulses that can
be reduced to a particular value, assuming that the average in-
put peak power is adjusted at the plateau centre. Fig. 6 shows
that, for the smaller values of input pulse duration, the plateau
width is relatively small [see also Figs. 5(b) and 5(d)]. Imposing
the output fluctuation to be no more than 1%, the plateau width
drops suddenly beyond TFWHM = 2.3 ps, showing that a maximum
is obtained for this duration. For this duration, the soliton orders
are close to 1 for both pulses as they are injected in the loop,
so that they quickly stabilise with minor adjustments of their pa-
rameters. So the widening of the plateau and its excellent flatness
that occur for this value of pulse duration appear to be a manifes-
tation of the stability of solitons [29] and of solitary waves [31].
For smaller durations, the plateau width is reduced, although its
flatness is maintained. When the duration is increased however,
flatness is degraded, due to the appearance of some ripple on the
plateau, causing a sudden decay of the plateau width when the
amplitude of this ripple becomes larger than the tolerated output
fluctuation. In particular, for TFWHM = 3.35 ps [Fig. 5(h)] or higher,
one may actually consider that no plateau is obtained, except if
a residual amplitude fluctuation of more than 10% is acceptable.
This ripple appearing for larger values of pulse duration can be un-
derstood by considering that the soliton period is larger for larger
pulse durations. For this reason, when the pulses injected in the
loop substantially depart from N = 1, the pulse profile is not yet
perfectly stabilised after propagating through the loop. Simulations
show that the pulse parameters (peak power, duration, polarisa-
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Fig. 5. (a, c, e, g) Transmission and (b, d, f, h) output energy characteristics of the NOLM, the polariser (P) and of the NOLM followed by the polariser (NOLM+P). The polariser
(P) transmission is also included in parts (a, c, e, g), and the soliton orders of the CW and CCW pulses when they are injected in the loop are shown in parts (b, d, f, h).
Input pulse durations are TFWHM = 1.76 ps (a, b), 2.11 ps (c, d), 2.68 ps (e, f) and 3.35 ps (g, h); ψ = 0.59π/4 (a, b, c, d), 0.61π/4 (e, f), 0.64π/4 (g, h); χ = 1.58 (a, b), 0.99
(c, d), 0.62 (e, f), 0.40 (g, h).
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Fig. 6. Plateau width as a function of input pulse duration, for various values of the
output amplitude fluctuation (indicated as curve labels).

tion) oscillate with the propagation distance, and the pulse profile
reached at the fibre end substantially varies with small changes
on the input conditions, like the input peak power. These oscilla-
tions of the pulse parameters thus induce the ripple observed in
the plateau for large input pulse duration. If now a residual output
fluctuation amplitude higher than 1% is tolerated, Fig. 6 shows that
the plateau width is not significantly modified for small pulse du-
ration. However, the maximum plateau width is larger, and occurs
for larger pulse duration. Beyond this maximum, the plateau width
drops again, as the ripple becomes too large. This shows that, as
the pulse width is increased, the plateau extension increases, at
the price of an increase in the ripple. If the tolerance on the output
amplitude fluctuation is substantially relaxed, very large amplitude
fluctuations beyond 50% can be reduced.

Although the best regeneration performances are obtained in
the case of sech2 pulses, simulations showed that a plateau can
also be obtained in the output energy characteristic using other
pulse profiles. In particular, Gaussian profiles can be used. For a
FWHM duration of 2.3 ps, for example, the pulses adapt their
shapes to ideal sech2 profiles as they propagate along the loop,
although this evolution is accompanied by the formation of a
substantial dispersive background accompanying each pulse. For
proper adjustments of ψ and χ , a plateau appears in the output
energy characteristic. Although its width and flatness are reduced
in comparison with the soliton case, it still allows the reduction of
∼25% peak-to-peak amplitude fluctuations on the marks to 2%. Fi-
nally, at very high bit rates, as the successive bits begin to overlap,
the device operation is limited by the interaction between solitons.
Simulations show however that, for the pulse duration of 2.3 ps,
this problem does not appear for data rates as high as 40 and even
80 Gb/s. For operation at higher rates (160 Gb/s), pulses as short
as ∼1 ps should be used, and the NOLM design has to be adapted
to this value of pulse duration.

It has to be noted finally that linear input polarisation with
the prescribed orientation should be strictly maintained at the
NOLM input for the device to operate in the wide plateau regime.
A polarised signal from a sufficiently narrow bandwidth source
conserves its 100% degree of polarisation even after propagation
through long spans of standard fibre (i.e., no random polarisa-
tion appears), however the polarisation state at the end of the
link is subject to continuous erratic changes due to slow vari-
ations of the fibre residual birefringence, which is due to envi-
ronmental (temperature and mechanical) disturbances. Fortunately,
as polarisation-sensitive devices are common in optical telecom-
munications (in particular integrated devices), schemes were soon
developed to actively stabilise the polarisation state at the output
of a fibre link [32–35], and they can also be implemented to ensure
proper operation of the regenerating device proposed in this paper.
Basically, these schemes rely on the measurement of polarisation
at the fibre end; this information is then used in a feedback loop
to manipulate controllable birefringent elements (e.g., squeezers)
disposed along the fibre, in order to maintain the desired output
polarisation state.

3. Conclusion

We performed a numerical study of a device composed of a
NPR-based NOLM and a polariser to regenerate ultrashort-pulsed
optical signals whose signal-to-noise ratio is strongly deteriorated.
The NOLM operates in the anomalous dispersion regime, and a
moderate torsion is applied to the fibre in order to ensure a nearly
isotropic medium. If the orientations of the linear input polari-
sation and of the output polariser are properly adjusted, a flat
plateau appears in the output energy characteristic of the device,
allowing the reduction of amplitude noise on logical ones. When
the parameters of the pulses injected in the loop closely match
those of a first-order soliton or of an elliptically polarised solitary
wave, a wide plateau with an excellent flatness is obtained. In this
case, amplitude fluctuations as large as 30% can be reduced to ∼1%
using this scheme. The plateau extension can be increased, at the
price however of a ripple appearing on the plateau and reducing
its flatness. Fluctuations as large as 43% can then be reduced to
2.5%, and fluctuations beyond 50% can be reduced down to 6%. As
the orientation of the QWR inserted in the NOLM is adjusted for
zero low-power transmission, the device also allows the reduction
of noise on the logical zeros or of low-powered ghost pulses, like
in the case of a conventional NOLM. Although the output pulses
are slightly chirped, they are close to fundamental solitons and
are linearly polarised. We believe that the proposed scheme will
be useful for signal-to-noise ratio and extinction enhancement of
ultrafast data trains in future high-speed optical transmission sys-
tems.
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