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We propose and study numerically a fibre-based scheme designed to generate a step-like optical decision
function for ultrafast data processing applications. The setup includes two main sections disposed in
series: a Nonlinear Optical Loop Mirror with an output polariser on the one hand, and a circularly
birefringent fibre span with a quarter wave retarder at the input and a polariser at the output
on the other hand. Both sections operate through nonlinear polarisation rotation, and the switching
characteristic is controlled through the light ellipticity, which can be adjusted by setting properly the
orientation of the input polarisation, and by rotating the wave retarder and the two polarisers. For proper
adjustment of these four parameters, a step-like optical decision function with ∼10 dB/dB steepness
is predicted. In the frame of all-optical regeneration, the setup allows eliminating ∼76% peak-to-peak
amplitude fluctuations on the marks and ∼30% relative power on the spaces. We believe that this
architecture should be considered for the design of ultrafast transmission networks and in the frame
of all-optical computing applications.

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

For many applications, like the regeneration of ultrafast data
streams in future optical transmission networks, or the conception
of logic decision functions and logic gates for ultrafast all-optical
computing, the realisation of nearly step-like all-optical decision
functions is a crucial issue. In the frame of all-optical regenera-
tion, although 3R (reamplification, reshaping, retiming) techniques
are required in some cases, the cheaper 2R (reamplification and
reshaping only) solutions proved to be effective in most situa-
tions [1]. Ideal 2R regeneration is characterised by a step transfer
function, which outputs a constant nonzero power level when the
input signal power is above a given decision threshold, and zero
power when the input power is below that threshold. Large ampli-
tude fluctuations on the marks induced by noise, dispersion, non-
linearities, etc., in a transmission link are then eliminated, as well
as the nonzero power level on the spaces, which originates in par-
ticular from the noise of optical amplifiers or ghost pulses. When
regenerators are cascaded, the best regeneration performance is
obtained for decision function shapes that are close to the ideal
step function [2].
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Very steep, nearly step-like transfer characteristics were ob-
tained with semiconductor-based regenerators [2–4]. In the frame
of ultrashort-pulsed on-off-keyed (OOK) signals at very high rates
(40 Gb/s or beyond), however, this technology suffers from the
intrinsically long carrier recovery time of semiconductor mate-
rials, which limits the operating speed of such devices. Devices
based on ultrafast nonlinear effects in fibres, whose response
time lies in the femtosecond range, are probably more promising
for ultrahigh-speed regeneration, although a serious effort should
be made to make these devices more compact, which now be-
comes possible through the use of high nonlinearity fibres [5,6].
One fibre-based technique relies on cascaded four-wave mixing
[7–10], yielding near-ideal step-like transfer functions, although
the setup is usually quite complicated, 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 stim-
ulated Brillouin scattering. Another inconvenient of the technique
is that the wavelength of the regenerated signal differs from the
initial signal wavelength. Alternatively, a technique based on self-
phase modulation in an optical fibre followed by offset filtering
was demonstrated [11–17]. This technique also allows high-quality
regeneration, and usually leads to simpler regenerator structures,
as no pump source is needed. However it still imposes a wave-
length change to the regenerated signal. Two stages are needed for
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wavelength-shift-free regeneration, which complicates the setup
[17].

Another all-fibre candidate is the nonlinear Sagnac interferom-
eter, or Nonlinear Optical Loop Mirror (NOLM) [18]. Due to its
simplicity and flexibility, this device is considered for many optical
signal processing applications, including optical signal regenera-
tion [1,19–30]. The NOLM is made of an optical coupler whose
output ports are connected through a span of fibre. In conven-
tional designs, a power asymmetry is generated, usually through
the use of an asymmetric coupling ratio [18,21,24], or by intro-
ducing attenuation [19,20,22] or gain [31] asymmetrically in the
loop. Alternatively, power asymmetry is due to asymmetric pulse
stretching in dispersion-imbalanced schemes [23,32,33]. In most
power-imbalanced schemes, the nonlinear transfer (or switching)
characteristic is due to the Self-Phase Modulation (SPM) optical
Kerr effect, which ensures that a nonlinear phase shift difference
appears between the counter-propagating beams. It is well known
that, in standard fibre, the residual birefringence causes changes
in the polarisation of each beam during propagation. This po-
larisation evolution in the loop is not controlled, however, and
the polarisation state varies randomly, tending to take all pos-
sible values through the fibre. As a consequence, the nonlinear
polarisation rotation (NPR) tends to average out over the fibre.
The device typically exhibits a sinusoidal transmission characteris-
tic. If the NOLM is properly biased (usually through a polarisation
controller inside the loop), this switching characteristic presents a
minimum at zero input power and a maximum for some nonzero
value of power, called the switching power. In the frame of re-
generation, low transmission at low power allows the elimination
of residual optical power on spaces, whereas amplitude fluctua-
tions on the marks can be eliminated if their average power is
adjusted slightly beyond maximal transmission, where the input–
output power characteristic of the NOLM presents a maximum.
One drawback of the NOLM however is that the sinusoidal func-
tion is intrinsically far from the ideal step function. In particular,
the minimum and maximum of the input–output power character-
istic are not very extended, and the curve steepness is low. This
limits the level of background noise on the spaces and the ampli-
tude of fluctuations on the marks that can be suppressed using this
setup. If a strongly power-imbalanced coupler (∼0.9/0.1) is used,
a plateau appears in the input–output power characteristic, so that
large amplitude fluctuations on the marks can be suppressed. In
this case however, the spaces are not efficiently regenerated, as
low-power transmission is large [21].

An alternative NOLM design was proposed, which exploits
polarisation asymmetry for switching instead of power imbal-
ance [34]. It includes a 50/50 coupler, low-birefringence, highly
twisted fibre, and a quarter-wave retarder (QWR) as the symmetry-
breaking element. As the scheme is power-symmetric, SPM plays
no significant role in the device operation, and switching is due to
NPR. Due to the presence of the QWR, which is inserted after one
of the coupler output ports, the two beams propagate in the loop
with different polarisation states, ensuring a NPR difference that is
responsible for switching. High twist generates optical activity in
the fibre and provides a nearly ideal isotropic medium [35], which
prevents the polarisation states from averaging out during propa-
gation, and allows NPR to accumulate. This polarisation-controlled
scheme yields more flexibility of the switching characteristic than
conventional SPM-based schemes. For example, for a particular
adjustment of the QWR angle, a sinusoidal switching character-
istic is obtained with zero minimal transmission at low power.
For another QWR angle, a characteristic very similar to that of
the strongly power-imbalanced scheme [21], adapted for reducing
large amplitude fluctuations on marks, is obtained [36]. However,
although even non-sinusoidal transmission characteristics can be
obtained with this scheme, these still strongly depart from a step-
like function.

A noticeable step forward was realised when the NPR-based
scheme described above was considered together with a polariser
inserted after the NOLM output [37]. By controlling the input po-
larisation state as well as the polariser orientation, the maximum
of the NOLM input–output power characteristic was converted into
a very wide plateau, allowing the elimination of large amplitude
fluctuations on marks. The low-power portion of the characteristic,
however, and the curve steepness, were still similar to those of a
sine function. For other adjustments, a wide low-transmission re-
gion was obtained at low power, at the price however of a high
switching power and a narrowing of the maximum. For still other
adjustments of the parameters, a substantial enhancement of the
steepness of the transfer function was obtained [38]. In none of
these cases, however, a step-like function was obtained.

Finally, a simple method to obtain a power-dependent transmis-
sion characteristic consists in using a section of fibre in which light
undergoes NPR, followed by a polariser which converts the polar-
isation rotation into an amplitude modulation. This principle was
used to realise artificial saturable absorbers for mode-locked fibre
lasers. In the frame of optical signal shaping applications, such a
design allowed 10-fold temporal narrowing of optical pulses [39].
However, the transfer function still appeared to be nearly sinu-
soidal at moderate power and such a large shortening factor re-
quired the pulse peak power to be increased to several times
the first transmission maximum. As a consequence, a substantial
pedestal was accompanying the narrowed pulses.

In this paper, we propose to extend the above NPR-based NOLM
with output polariser setup using an additional fibre span in which
light undergoes NPR, followed by a polariser. For proper adjust-
ment of the parameters, we show that a nearly truly step-like
switching characteristic is obtained.

2. Modelling

The proposed setup is shown in Fig. 1. The power-symmetric
NOLM is made of a 50/50 coupler, a length LN of low-birefringence
twisted fibre and a QWR (QWRN) inserted after one of the cou-
pler output ports. At the NOLM output, a polariser P1 selects a
particular linear polarisation component of the output beam. Lin-
ear polarisation is then turned to elliptic through a QWR (QWR1).
The light then propagates through a section of low-birefringence,
highly twisted fibre with length LR , in which polarisation rota-
tion takes place. Finally, at the fibre output, light goes through a
second polariser P2. The input polarisation to the NOLM is cho-
sen linear (first Stokes parameter at NOLM input Ac,in = 0), and
the QWRN angle is adjusted to the value ensuring zero low-power
NOLM transmission, which we use as reference. The angles χ1 of
P1, α1 of QWR1, χ2 of P2 and ψin of the input polarisation are all
taken with respect to the QWRN axis.

The present analysis uses a continuous-wave approach, so that
chromatic dispersion is neglected. In the case of ultrashort-pulsed
(∼1-ps) signals, this approach still constitutes a valid approxima-
tion if high nonlinearity fibres are used, due to the short fibre
lengths involved (down to a few meters) and the possibility to
design at will the dispersion characteristic of photonic crystal fi-
bres [5,6]. The NOLM section of the setup presented in Fig. 1 was
studied previously for linear input polarisation [40]. In the weak
nonlinearity limit [34], and for high twist, its power transmission
is given by

T N = PNP1

Pin
= 1

2
− 1

2
cos(π Pin/Pπψ), (1)

where Pin and PNP1 are the NOLM input and output powers,
respectively, and Pπψ = 4π/[βN LN |sin(2ψin)|] is the switching
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Fig. 1. Configuration under study.
power, where βN is the fibre nonlinear coefficient for circular po-
larisation [34], and LN is the loop length. It appears that Pπψ

depends on the input polarisation orientation, ψin . Its minimal
value Pπ N = 4π/βN LN is obtained for ψin = π/4, when the polar-
isation asymmetry of the counter-propagating beams is maximal
(one beam is linear and the other one is circular), whereas its
maximum tends to infinity for ψin = 0, when both polarisations
are linear, and no polarisation asymmetry occurs. The input po-
larisation orientation thus allows adjusting the switching power
between a finite minimal value and infinity. At the NOLM output,
the Stokes parameter |Ac,NP1| = sin(2ψin) also depends on ψin , but
is independent of input power. Hence the ellipticity at the NOLM
output is not modified as input power is increased, although the
ellipse rotates proportionally to power, with its orientation given
by ψNP1 = π Pin/2Pπψ(+π/2). From these relations, the transmis-
sion of the NOLM output beam through the polariser P1 can be
easily calculated, and writes as [37]:

T P 1 = P P 1Q 1

PNP1
= 1

2
− 1

2
cos(2ψin) cos(π Pin/Pπψ − 2χ1). (2)

Note that, although T P 1 is defined as the ratio between the power
at the P1 output and the power at the NOLM output, it is given
in Eq. (2) as a function of power at the NOLM input, Pin . It ap-
pears from Eq. (2) that the amplitude of T P 1 is determined by
the polarisation orientation ψin at the NOLM input, and its phase
through the P1 orientation, χ1. By adjusting these two parameters
adequately, T P 1 can be employed to smoothen the peak of T N [see
Fig. 2(a)]. This makes it possible to obtain a flat plateau in the out-
put power characteristic of the NOLM + P1, P P 1Q 1 = TNP1 × Pin =
T N T P 1 × Pin [see Fig. 2(b)]. Note also that the periodicity of T P 1,
determined by Pπψ , is the same as for T N .

At the P1 output, the linearly polarised light can be represented
by the following Jones vector in the [C+,C−] basis of circular po-
larisation:

E P 1Q 1 =
√

P P 1Q 1

2

[
eiχ1

e−iχ1

]
. (3)

The beam then goes through the QWR1, which is tilted by an an-
gle α1. In the [C+,C−] basis, the QWR1 can be described by the
matrix [41]

QWR1 =
[

1+i
2

1−i
2 e2iα1

1−i
2 e−2iα1 1+i

2

]
. (4)

The field at the QWR1 output is then given by

E Q 1F = QWR1 × E P 1Q 1

= √
P P 1Q 1

[
cos(χ1 − α1 + π/4)eiα1

sin(χ1 − α1 + π/4)e−iα1

]
. (5)
Eq. (5) shows that the ellipticity of the light polarisation depends
on the relative orientation χ1 −α1 between QWR1 and P1. The ori-
entation of QWR1 is used to adjust the light ellipticity at the fibre
input. The Stokes parameter at this point can be easily calculated
by

Ac,Q 1F = |C+|2 − |C−|2
|C+|2 + |C−|2 = sin

[
2(α1 − χ1)

]
. (6)

After the QWR1, light propagates through a length LR of circu-
larly birefringent fibre. Polarisation evolution can be described by
the nonlinear equations in the continuous-wave case [42], which
write as

dC+/dz = iρC+ + iβR P P 1Q 1

(
3

2
− 1

2
Ac,Q 1F

)
C+;

dC−/dz = −iρC+ + iβR P P 1Q 1

(
3

2
+ 1

2
Ac,Q 1F

)
C−. (7)

In Eq. (7), ρ is the rotatory power (∼5% of the twist rate), βR is
the nonlinearity coefficient and d/dz denotes the first derivative
with respect to the direction of propagation z. In the weak non-
linearity approximation [34], the Stokes parameter does not vary
along z, so that Eq. (7) can be integrated easily, and a Jones matrix
representation of the fibre can be obtained as

F =
[

ei[ρ+βR P P !Q 1( 3
2 − 1

2 Ac,Q 1F )]LR 0

0 ei[−ρ+βR P P 1Q 1( 3
2 + 1

2 Ac,Q 1F )]LR

]
.

(8)

This matrix includes both linear and nonlinear polarisation rotation
effects, as well as a nonlinear phase shift. At the fibre output, the
Jones vector is given by

EFP2 = F E Q 1F

= √
P P 1Q 1

[
cos(χ1 − α1 + π/4)ei(α1+ρLR − 1

2 Ac,Q 1F βR P P 1Q 1 LR )

sin(χ1 − α1 + π/4)e−i(α1+ρLR− 1
2 Ac,Q 1F βR P P 1Q 1 LR )

]

× ei 3
2 βR P P 1Q 1 LR

= √
P P 1Q 1

[
cos(χ1 − α1 + π/4)eiψFP2

sin(χ1 − α1 + π/4)e−iψFP2

]
eiϕ. (9)

One can verify easily from Eq. (9) that the Stokes parameter (and
thus the ellipticity) at the fibre output is not modified from the fi-
bre input [Eqs. (5) and (6)], and only the output ellipse orientation
ψFP2 = α1 + ρLR − 1/2Ac,Q 1F βR P P 1Q 1LR is modified and depends
on power, due to nonlinear polarisation rotation. At this stage it
is convenient to define a new reference system [xp, yp] associ-
ated with the polariser P2 (xp parallel to the direction of polariser
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Fig. 2. (a) Transmission of NOLM, P1 and NOLM + P1 for ψin = 0.75π/4 and χ1 = −0.19; (b) Corresponding output power characteristic of NOLM and NOLM + P1; powers
are normalised to the minimal NOLM switching power Pπ N . Inset: curves in logarithmic scale; (c) Transmission of QWR1 + F + P2 and total transmission of the setup; and
(d) Corresponding total output power characteristics; several examples were calculated for values of LR = 10, 2, 0.8, 0.7 and 0.673, in units of LN βN/βR (in the sense of the
arrows), and respective values of α1 − χ1 = −0.034, −0.17, −0.50, −0.65 and −π/4, ensuring Pπ/2 = PPL in each case. Inset: curves shown in logarithmic scale for LR = 10,
2 and 0.673 × LN βN/βR . NOLM + P1 transmission and output power characteristics were reproduced in (c) and (d) for comparison (dotted lines).
transmission, see Fig. 1). The corresponding basis of circular polari-
sation is [C+

p , C−
p ] with C+

p = C+ exp(iχ2) and C−
p = C− exp(−iχ2),

and related to [xp, yp] through[
xp

yp

]
=

[ √
2/2

√
2/2

−i
√

2/2 i
√

2/2

][
C+

p
C−

p

]
. (10)

In this circular basis, Eq. (9) becomes

E ′
FP2 = √

P P 1Q 1

[
cos(χ1 − α1 + π/4)ei(ψFP2−χ2)

sin(χ1 − α1 + π/4)e−i(ψFP2−χ2)

]
eiϕ. (11)

The polariser P2 will select the xp component of the field, so that
using Eqs. (10) and (11) one can determine the expression of the
power transmission for the QWR1 + F + P2 segment. After some
algebra, it writes as

T R = Pout

P P 1Q 1
= |xp|2

P P 1Q 1
= |C+

p + C−
p |2

2P P 1Q 1

= 1

2

[
1 + cos 2(α1 − χ1) cos 2(ψFP2 − χ2)

]
. (12)

In Eq. (12), ψFP2 is a function of power, which can be conve-
niently rewritten as

ψFP2 = ψ0 − π

2

P P 1Q 1

Pπ/2
,

with ψ0 = α1 + ρLR and Pπ/2 = π

βR LR sin 2(α1 − χ1)
, (13)

where Pπ/2 is the power difference between a minimum and a
maximum of T R , corresponding to a π/2 nonlinear ellipse rota-
tion. Eqs. (12) and (13) show that T R is a sinusoidal function of
P P 1Q 1, whose dynamic range cos 2(α1 −χ1) and periodicity 2Pπ/2
are determined by α1 − χ1, the relative angle between the QWR1
and P1, and whose phase is ψ0 − χ2. Hence the QWR1 angle al-
lows adjusting the dynamic range and periodicity of T R , whereas
its phase can be adjusted through the P2 orientation.

Using Eqs. (1)–(2) and (12)–(13), one can now determine the
global transmission of the setup presented in Fig. 1, which writes
as

T = TNP1(Pin) × T R(P P 1Q 1) = TNP1(Pin) × T R
[
TNP1(Pin)Pin

]
. (14)

It should be noted in Eq. (14) that the transmission of the
NOLM + P1, TNP1, does not only multiply T R , but also appears
in the argument of T R .

3. Analysis and discussion

As it was shown in [37] [see also Eq. (2)], by adjusting the
amplitude of T P 1 through the polarisation orientation ψin at the
NOLM input, and its phase through the P1 angle χ1, one can man-
age to generate a flat top in the transmitted power characteristic
of the NOLM+P1 combination. At this point, the first three deriva-
tives of the output power characteristic cancel out simultaneously
(3rd-order maximum). Fig. 2(a) shows the transmission functions
T N of the NOLM, T P 1 of polariser P1 and TNP1 = T N T P 1 of the
NOLM+P1, and Fig. 2(b) presents the corresponding output power
characteristics of the NOLM and of the NOLM + P1 when the pa-
rameters ψin and χ1 are properly adjusted. An extended flat top is
observed in the NOLM + P1 output power characteristic. The value
of input power at the plateau centre is only 1.25 times higher than
the minimal NOLM switching power, Pπ N = 4π/βN LN , which is
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obtained when the input polarisation makes an angle of 45◦ with
the QWRN axes (ψin = π/4). The transmission TNP1 at this point is
∼3 times lower than the transmission T N of the NOLM alone. As-
suming that the average mark level at the NOLM input is adjusted
to the plateau centre, peak-to-peak amplitude fluctuations as large
as 33% can be reduced to within 1% using the NOLM + P1 setup.
This flat top characteristic is responsible for the excellent signal-
to-noise ratio (SNR) improvement properties of the setup [37]. In
comparison, if the NOLM alone is used, its 1st-order maximum al-
lows input fluctuations not higher than ∼10% to be reduced to
1%. In contrast, in terms of extinction ratio (ER, defined as the
power ratio between marks and spaces), no improvement is ob-
tained when the NOLM + P1 is used instead of the NOLM alone.
Actually, the ER at the NOLM output is even slightly degraded af-
ter P1 [37]. If the average mark power at the NOLM input matches
the maximum of the output power curve, a relative input power
on the spaces (1/ER) of 14% using the NOLM alone and of 11% with
the NOLM + P1 can be reduced to 1%. This can be explained by
observing that the output power characteristics of both NOLM and
NOLM + P1 are similar near zero input power, where a 2nd-order
minimum is obtained in each case [Fig. 2(b)]. The ER degradation
after P1 results from the ∼3-fold reduction of the maximum out-
put power (mark power). Finally, both transitions present a maxi-
mal slope of ∼3 dB/dB, a value compatible with the cubic growth
of the output power characteristics at low input power [inset in
Fig. 2(b)].

For the same adjustments of ψin and χ1, we calculated the
transmission of the QWR1 + F + P2 segment, T R(TNP1 × Pin). Pa-
rameters were chosen in order to ensure minimal T R at zero input
power and maximal T R for the TNP1 × Pin value at the plateau
maximum in Fig. 2(b), PPL ≈ 0.371Pπ N . Looking at Eqs. (12) and
(13), the first condition implies that χ2 = ψ0 + π/2, which im-
poses the P2 orientation χ2, and the second condition means that
Pπ/2 = PPL . The value of Pπ/2 is thus imposed. Assuming a given
nonlinear coefficient βR in Eq. (13), either the fibre length LR or
the QWR1 angle α1 can still be chosen, which leaves one degree of
freedom. A given value of Pπ/2 can be obtained using in Eq. (13)
a large value for LR together with an angle α1 close to χ1, or a
short LR with an angle α1 that substantially deviates from χ1. The
latter solution however leads to a degradation of the T R dynamic
range, as shown in Eq. (12). This can be explained by considering
that the NPR effect is stronger when the light ellipticity, or equiv-
alently the modules of the first Stokes parameter is higher. If the
fibre length is large, for Pπ/2 input power a small value of elliptic-
ity [associated with a small value of α1 − χ1, see Eq. (6)] yielding
slow NPR will still allow to accumulate a π/2 nonlinear ellipse ro-
tation to the fibre output. Hence the transmission through P2 will
increase from a minimum to a maximum when the power is in-
creased from 0 (ellipse minor axis aligned with P2) to Pπ/2 (major
axis aligned with P2). If the polarisation is close to linear, mini-
mal and maximal transmission values through P2 are close to 0
and 1, respectively. If now the fibre is short, a larger ellipticity
yielding faster NPR will be required to get a π/2 nonlinear rota-
tion over the reduced fibre span. A large ellipticity is associated
with reduced variations of transmission through P2 as the ellipse
rotates at the polariser input. Fig. 2(c) shows the T R characteristic
of the QWR1 + F + P2 segment for several pairs of LR and α1 − χ1
values that ensure a π/2 nonlinear ellipse rotation over the fi-
bre. The corresponding total transmission T is also shown in each
case. Fig. 2(d) presents the corresponding output power character-
istics.

Fig. 2(d) shows that, for large values of LR , the output power
characteristic presents a flat plateau at high power, an extended
region at low power over which the output power remains close
to zero, and a sharp transition between these two regions. By
analysing Eq. (14), it appears that the plateau is a 3rd-order max-
imum (where the first three derivatives of output power cancel
out). Besides, considering that T R(0) = 0, the output power char-
acteristic would present an eighth-order minimum at Pin = 0, and
grow as the ninth power of Pin . Although in practise T R(0) �= 0 as
the minor axis of the polarisation ellipse is transmitted through P2
at low power, for the largest value of LR considered, a maximal
slope of 8 dB/dB is still observed (Fig. 2(d), inset). In comparison
with the NOLM + P1, the 3rd-order plateau is thus maintained in
the proposed configuration, whereas the flatness at low power is
considerably increased. Considering again that the power on the
spaces at the device output should be kept within 1% of the aver-
age power on marks, a space-to-mark power ratio as high as 29% is
acceptable at the device input [curve LR = 10LNβN/βR in Fig. 2(d)].
In comparison with the NOLM + P1 scheme, the proposed setup
allows to regenerate spaces carrying more than 2.5 times higher
optical power. For small values of LR however, the curve sharpness
and the extension of the low-power region diminish. A limit case
is found when the fibre is so short that circular polarisation (cor-
responding to fastest NPR) is required. In this case, α1 −χ1 = π/4,
and considering the relations Pπ/2 = P P L ≈ 0.371Pπ N , Pπ N =
4π/βN LN as well as Eq. (13), it comes that LR ≈ 0.673LNβN/βR ,
which is the minimal fibre length allowing a π/2 nonlinear ellipse
rotation. For circular polarisation however, transmission through
P2 is independent of the ellipse orientation, and thus of power
(see Fig. 2(c), dashed). The total transmission is thus identical to
that of the NOLM + P1 setup, except for the 3-dB loss through P2
(Fig. 2(d), dashed).

The above discussion shows that it is important to ensure that
LR is large enough in order to take advantage of the second section
of the proposed setup. Although theoretically the optimal situation
is obtained for LR = ∞, the value of LR can be kept reasonably
small in practise. As an example, Fig. 2 (c and d) shows that the
curves obtained for LR = 10LNβN/βR and 2LNβN/βR are very close
to each other. The width of the low-power region in the latter
case is not substantially reduced with respect to the former case,
although the fibre length employed is five times smaller. As to am-
plitude noise reduction, the performances of the proposed setup
are comparable with those of the NOLM + P1 for all values of LR .
For LR = 10LNβN/βR and 2LNβN/βR , fluctuations as large as 32.5%
can be reduced to within 1%.

Let us also stress the importance of using low-birefringence fi-
bre in the second section of the setup for the proposed application.
Indeed, in configurations based on highly birefringent fibre, the
group velocity mismatch between orthogonal polarisation modes
causes a temporal shift between the polarisation components of
ultrashort pulses. Although this effect can be useful for realising
optical derivators [43], it would be detrimental for the present
application. Finally, in highly birefringent fibre, phase matching
can enhance the conversion of the signal into Stokes and anti-
Stokes components at new frequencies in the orthogonal polari-
sation mode, through four-wave mixing [44].

The power transfer function of the setup depicted in Fig. 1
can be made even closer to the ideal step function if the adjust-
ment parameters are slightly modified from those of Fig. 2. First,
ψin (and to a lesser extent χ1) is modified in order to increase
slightly the amplitude of T P 1, which has the effect of widening
the plateau of the NOLM + P1 output power characteristic, TNP1,
at the price of some ripple appearing on the plateau [Fig. 3(b)].
On the other hand, α1 and χ2 are adjusted in such a way that
Pπ/2 is made slightly smaller than the maximal value P P L of
TNP1 × Pin , and that the QWR1 + F + P2 transmission T R reaches
its minimum for a nonzero value of input power, and its maxi-
mum for a value of TNP1 × Pin slightly below P P L [Fig. 3(a)]. As a
result for the total output power characteristic T Pin , the width of
the low-power region and particularly of the plateau are substan-
tially increased, at the price of some ripple and a small increase of
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Fig. 3. (a) Transmission of the NOLM + P1, QWR1 + F + P2 and total transmission of the setup for ψin = 0.65π/4, χ1 = −0.20, α1 = χ1 + 0.25π/4, χ2 = ψ0 + 0.72π/2 and
LR = 2.8 × LN βN/βR ; (b) Corresponding NOLM + P1 and total output power characteristics, with insets showing details of the plateau and low-power regions; thin dashed
line shows an ideal step transfer function for comparison; (c) Curves of (b) shown in logarithmic scale.
the input power at the plateau centre. The steepness of the tran-
sition between these two regions is also significantly improved.
The curves of Fig. 3 were obtained when the above mentioned
parameters were optimised in order to maximise the widths of
the high-power plateau and low-power region, assuming that the
residual output amplitude fluctuation on the marks and relative
power on the spaces should be kept within 1% at the device out-
put, when the input average mark power is adjusted to the plateau
centre. The widths of the plateau and low-power region relative to
the plateau centre are found to be ∼76% and ∼30%, respectively.
As a comparison, for the ideal step function shown in Fig. 3(b)
(thin dashed), these values are 100% and 50%, respectively. The
plateau width is thus increased by a factor higher than two with
respect to the case of Fig. 2. The maximal steepness is slightly
above 10 dB/dB [Fig. 3(c)]. In this region, an output power increase
of 9.6 dB (16.8 dB) is obtained for an input power increase of
1 dB (2 dB). Such values surpass by far those obtained with other
NOLM-based setups and support the comparison with other non-
linear fibre-based switches [7–17] or with semiconductor-based
setups [4].
Although the continuous-wave analysis presented here remains
valid for ultrashort-pulsed signals if high nonlinearity fibres with
properly designed dispersion are used in the setup, an impor-
tant issue is related to the substantial reshaping undergone by the
pulses through such a regenerator. Fig. 4 (solid curves) illustrates
this reshaping for the regenerator adjustments corresponding to
Fig. 3, in the case of Gaussian input pulses. It appears in particular
that, for input peak power values corresponding to the upper end
of the plateau in the transfer characteristic, the emerging pulses
are nearly rectangular. Such reshaping may be detrimental in the
case of in-line regenerators, as further propagation of the pulses
in dispersive and nonlinear fibre will lead to further alteration of
the pulse profile, with possibly the formation of background ra-
diation. As a consequence, if further propagation is planned after
the regenerator, the fibre parameters should be chosen in order to
minimise pulse profile deformation. In particular, the fibre disper-
sion at the signal wavelength and its nonlinear coefficient should
be small. Fig. 4 also offers an additional illustration of the capabil-
ities of the device for the regeneration of the mark level, and for
the elimination of ghost pulses (dashed curves).
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Fig. 4. (a) Intensity profiles of input Gaussian pulses with 10-ps full-width at half maximum duration and different amplitudes; (b) Corresponding profiles at the device
output when parameters of Fig. 3 are used.
4. Conclusion

In this paper we propose and analyse numerically a novel fibre-
based architecture to produce a step-like optical decision function.
The device is composed of two sections. The first section is a NPR-
based NOLM with output polarisation selection and the second one
is a circularly birefringent fibre span with input QWR and output
polariser, where NPR takes place. Both input and output polarisa-
tion states are linear. When the input polarisation angle together
with the orientations of the QWR and of the two polarisers are
properly adjusted, a step-like switching characteristic is obtained,
which presents a maximal transmission as high as about 30% of
the NOLM maximal transmission. The first section is responsible
for the appearance of a wide plateau at a power slightly beyond
the NOLM switching power, whereas the second section generates
an extended region at low power where output power cancels out,
and also extends considerably the high-power plateau. Proper op-
eration of the second section requires however a sufficient length
of circularly birefringent fibre. For comparable values of the fibre
nonlinear coefficients, a fibre length two to three times larger than
the NOLM length is a reasonable choice for the second section.
In the frame of all-optical regeneration, imposing residual ampli-
tude fluctuations on the marks and residual space-to-mark power
ratio within 1%, amplitude fluctuations on the marks as large as
∼76% and spaces carrying optical powers as high as ∼30% of the
mark level can be regenerated using the proposed scheme. Switch-
ing steepness as high as 10 dB is obtained. Taking advantage of the
new developments in high-nonlinearity fibres, this work could lead
to the development of compact all-fibre optical gates to be used in
future ultrafast photonic networks and optical computing.
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