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Abstract—We numerically analyze the effectiveness of a nonlin-
ear optical loop mirror (NOLM) based on standard communica-
tion fiber with randomly varying birefringence for demultiplexing
streams of picosecond pulses at 100 GHz. A broad switching win-
dow of about three pulse full-width at half maximum (FWHM)
can be obtained. The device performance is defined by the pulse
duration, the dispersion of the fiber, and the fiber length. We show
that imperfect averaging of the randomly varying birefringence
causes amplitude fluctuations on the NOLM transmission curve.
We also show that the Raman self-frequency shift does not
affect the NOLM switching characteristics at picosecond pulse
durations.

I. INTRODUCTION

A LL-OPTICAL demultiplexers are key devices in
proposed high-data-rate, all-optical, time-division-

multiplexed transmission systems with bit rates up to 100
Gb/s. The nonlinear optical loop mirror (NOLM) is a
promising demultiplexer [1]–[5]. The NOLM uses cross-
phase-modulation between co-propagating control and signal
pulses to switch the signal pulse from one output arm to the
other. Recently, several NOLM experiments were reported that
use orthogonally polarized signal and control pulse streams
in a standard telecommunication fiber with randomly varying
birefringence [6], [7]. The main advantage of this type of
NOLM is that it is simple to design and has lower loss than a
NOLM based on cross-spliced polarization-maintaining fibers
[5]. In this paper we present a theoretical model of a NOLM
based on a fiber with randomly varying birefringence. Through
numerical simulations we find the parameter regimes in which
the NOLM has a broad switching window of about three
times the signal pulse full-width at half maximum (FWHM).
We also show that imperfect averaging of the randomly
varying birefringence causes small amplitude oscillations on
the switching curve that will decrease the quality of the NOLM
performance. Finally, we show that the Raman effect has no
visible impact for the picosecond pulse durations that we are
considering.
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Fig. 1. Schematic illustration of a NOLM based on standard communication
fiber with randomly varying birefringence; PBS1 and PBS2 indicate the
polarization beam splitter, and PC indicates the polarization controller.

II. NOLM M ODEL

We show a schematic illustration of the NOLM in Fig. 1.
The signal pulse stream to be demultiplexed enters the
signal-in port of the device and is divided into two counter-
propagating pulse streams with equal power by a 50/50
coupler. The control pulse is coupled into the loop through
the polarization beam splitter PBS1 and propagates along
the clockwise direction. The signal and control pulses have
orthogonal states of polarization. In the absence of the control
pulse, the device acts as a mirror and the signal is returned
to the input. Due to the cross-phase-modulation between
the control and signal pulses, the clockwise propagating
signal pulse acquires a different phase shift from the
counterclockwise propagating pulse. Thus, when the two
signal pulses interfere at the coupler the signal pulse can
be switched out from the signal-out port of the NOLM.

We are modeling a NOLM based on standard communi-
cation fiber. As long as the dispersive and nonlinear scale
lengths are long compared to the fiber correlation and fiber beat
lengths, a light pulse that is injected in a single polarization
state will remain almost completely in a single polarization
state as a function of time, although this state changes contin-
ually as the pulse evolves along the fiber. Thus, it is possible by
appropriately setting the polarization controller (PC) shown in
Fig. 1 to restore the control pulse to a linearly polarized state,
after which it may be removed by use of the polarizing beam
splitter, PBS2, leaving only the signal pulse.
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The propagation of the orthogonally polarized signal and
control pulses in a fiber with randomly varying birefringence
is governed by the coupled nonlinear Schrödinger equation [8]

(1)

where and are the normalized amplitudes of the field
along the local polarization eigenaxes of the fiber. The dis-
tance and the time are given in soliton units, in which
case the length is normalized to the dispersion length

FWHM where is the fiber dispersion
in ps/nm-km, is the wavelength, is the speed of light, and

is normalized by pulse width . The quantity is the
inverse group velocity difference which equals and

is the wavenumber difference between the two polarization
eigenstates at the same central frequency.

Since the orientation of the axes of birefringence in the
fiber change randomly along the fiber length, we assume in
our simulation that the axes periodically undergo a sudden
rotation after every interval chosen such that

(2)

where ran( 1, 1 ) is a random number in the interval (1, 1),
and is the fiber decorrelation length. After rotation, the
new field is given by

(3)

in terms of the old field . In our simulations, we chose
m and m. The fiber correlation length

corresponds physically to the length scale over which the pulse
loses memory of its initial polarization state. For the 1.6 ps
pulse durations that we will be using, the soliton period is 421
m and the orientation will rotate many times in one period.

To simulate the polarization controller, we first simulated
the propagation of a control pulse alone which is initially in
a linear state of polarization. During its propagation through
a fiber with randomly varying birefringence, the control pulse
becomes elliptically polarized, and its state can be expressed
by the complex vector . The polarization controller re-
stores a linear state of polarization from , and the pulse
can then be removed from the NOLM by a polarizing beam
splitter. We now define a unit vector
where , which is orthogonal to . We
may express the combined action of the polarization controller
and the polarizing beam splitter by first noting that in the
absence of a signal pulse

(4)

When the control and signal pulses co-propagate along the
fiber they will mix together due to the randomly varying
birefringence. The resultant field at the input of the polarization
controller can be expressed as where the polarization
state is not expected to be constant as a function of time. The
output signal pulse, which will be linearly polarized, can then
be expressed as

(5)

The complex amplitude of the counter-propagating signal
pulse at the end of the loop can be found analogously. The
interference at the coupler is given by

(6)

(7)

where is the co-propagating pulse at the end of the loop,
is the counter propagating pulse at the end of the loop,

is the radiation transmitted through the signal-out port
of NOLM, and is the reflected radiation. The coupling
coefficient here is 0.5.

III. RESULTS AND DISCUSSIONS

We simulate a NOLM that is 1 km in length with the
dispersion parameter ps/nm-km and birefringence
of which is similar to a NOLM experiment
described in [6]. The counter-clockwise and clockwise propa-
gating signal pulses as well as the control pulse were assumed
to be solitons with the duration FWHM ps and were
normalized with respect to the power of either the clockwise or
counterclockwise signal pulses which is half the total injected
signal power.

One of the main requirements for successful NOLM per-
formance is insensitivity to the signal pulse timing jitter.
As a signal pulse can arrive either earlier or later than the
control pulse, the NOLM switching window, i.e., the duration
of the transmitted signal power curve as a function of the
delay between the signal and control pulses, should be broader
than the duration of the signal pulse. For our parameters, the
duration of the switching window was 2.5 FWHM of the signal
pulse, and the output signal power normalized to the input
signal power was over 0.8 as shown in Fig. 2. The input and
the output signal pulse shapes are shown in Fig. 3. We find
that the distortion is small and that the signal nearly retains its
initial hyperbolic-secant form. The asymmetry of the switching
curve in Fig. 2 is due to polarization mode dispersion for the
particular realization of randomly varying birefringence that
we studied. A different realization leads to a slightly different
curve. Our simulation results are in good agreement with the
experiment reported in [6].

The small dip on the switching curve in Fig. 2 appears
because the value of the accumulated phase change difference
between oppositely propagating signal pulses is larger thanat
zero delay. If we increase the length of the fiber loop the width
of the switching window of NOLM grows logarithmically with
distance as is shown in Fig. 4; however, the increase of the
switching window width is accompanied by the development
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Fig. 2. The NOLM switching window curve fort0 = 1:6 ps,� = 1:5 �m,
andD = 2:6 ps/nm-km. The solid line corresponds to a 1 km length NOLM,
and the dashed line corresponds to a 4 km length NOLM. The time delay is
normalized to the input pulse duration.

Fig. 3. The shape of the signal pulse at the input of the NOLM (solid line)
and at the output of the NOLM (dashed line).

of large oscillations on the switching curve as the phase differ-
ence between oppositely propagating signal pulses continues to
increase far beyond. It is obvious that for the needs of signal
demultiplexing the large oscillations on the switching window
must be avoided. The phase difference between the counter-
propagating signal pulses should thus be smaller than 1.5.
From our simulations we found that the broadest switching
window of about three pulse FWHM can be obtained when
the length of the fiber is close to five pulse dispersion lengths
which corresponds to a 1.375 km fiber in our case.

It should be noted that when the length of the fiber is
sufficiently long the pulse evolution can be averaged over all
the polarization states on Poincaré sphere [8], [10]. We found
that for fibers longer than 3 km, NOLM performance can be
exactly described by the averaged Manakov equations [6], [7].

When the signal and control pulses have the same power, the
performance of NOLM is determined by the ratio between the
fiber length and the pulse dispersion length. We found that
the optimum fiber length to obtain a broad NOLM switching
window like that shown by the solid line in Fig. 2 should be

Fig. 4. The duration of the switching window normalized to the signal pulse
duration versus fiber length in km.

around four to five pulse dispersion lengths. For example, for
0.5 and 1 ps solitons, similar performance will be obtained at
fiber lengths 0.2 km and 0.4 km respectively. The change of
the fiber dispersion will also require a change in the fiber
length.

Since in a communication line the phase of signal pulses
will change due to a variety of random factors, the signal
and control pulses will have a phase mismatch. To account
for this phase mismatch in our simulations, we introduced a
random phase difference between the control and signal pulses.
Though NOLM performance is not affected significantly,
and the switching curves have the same characteristics as
when there is zero phase mismatch, amplitude fluctuation
appear, as shown in Fig. 5. Similar fluctuations have been
experimently observed [13]. These amplitude oscillations are
due to imperfect averaging of the nonlinear terms due to
the randomly varying birefringence, an effect that is called
nonlinear polarization mode dispersion [12]. When the pulse
evolution is averaged over all the polarization states the am-
plitude oscillations disappear. Fig. 5 shows that the switching
curve obtained by using the Manakov equation instead of (1)
lies at the mean level of oscillations.

Besides the phase mismatch, the control and signal pulses
can have an amplitude mismatch. For these calculations we
used a 1 km fiber, and the pulse FWHM was 1.6 ps. When the
signal pulse power is larger than the control pulse power, the
NOLM performance does not degrade, but when the control
pulse has more power than the signal pulse, the NOLM output
power decreases significantly. Fig. 6 shows the switching
curves for different power ratios between the control and signal
pulses. For a signal pulse power that is 1.3 times as large as
the control pulse power, the width of the switching window
is almost the same as when there is no power difference and
the normalized output power is larger than 0.8. The dip at
the center of the window is deeper than the dip that appears
when the control-to-signal pulse power ratio is 1 to 1. If the
ratio between the signal and control pulse powers is 1 to 1.3,
the normalized output power is smaller than 0.5, and we can
conclude that the device performance is unacceptable.
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Fig. 5. The NOLM switching window with random phase mismatch intro-
duced between the control and signal pulses at the input of the NOLM (solid
line). The dashed line shows the same switching curve but calculated using
the Manakov equation.

Fig. 6. Switching window for different pulse powers. The ratio between
the signal pulse powerjuj2 to control pulse powerjvj2 is 1:1 (solid line);
juj2 : jvj2 = 1 : 1:3 (dotted line);juj2 : jvj2 = 1:3 : 1 (dashed line).

For the results that we have discussed up to this point,
polarization mode dispersion is almost negligible, but that will
not be the case if fibers with a larger average birefringence
strength are used. Fig. 7 compares NOLM performance for
the values of birefringence and .
For the switching window becomes highly
asymmetric, and the normalized output power is significantly
decreased.

The last issue that we will discuss here is the effect of the
pulse Raman self-frequency shift on the NOLM performance.
Pulse propagation in the fiber for these calculations was
modeled by using the modified coupled nonlinear Shrödinger
equations which included the response functions for both
the parallel and the orthogonal Raman contributions to the
nonlinear susceptibility [11]. We found that even when the
pulse duration is decreased to 0.1 ps the characteristics of

Fig. 7. The NOLM switching window for different values of the birefrin-
gence strength;�n = 1 � 10�5 (solid line), �n = 2 � 10�7 (dashed
line).

the NOLM performance do not change significantly, and
the shape and the width of the switching curve in units of
the pulse FWHM do not differ much from those shown in
Fig. 2.

IV. CONCLUSION

The NOLM based on a randomly varying birefringence fiber
is a promising device for high-speed all-optical switching and
demultiplexing because of its simplicity and effectiveness. Our
calculations showed that operation of this type of NOLM is
tolerant to pulse timing and amplitude jitter. We found that
when the fiber loop length is around three to four signal pulse
dispersion lengths a broad and smooth switching window of
about two to three pulse widths can be obtained. The device
has a stable performance when the signal pulse power is larger
than the control pulse power, but is sensitive to the increase
of the control pulse power versus signal pulse power. The
output signal power is sensitive to the initial phase mismatch
between the signal and control pulses. This sensitivity may
degrade the device performance. Our calculations showed that
this type of NOLM can work well in the subpicosecond pulse
duration range and is not affected by the Raman self-frequency
shift.
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