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Abstract. A new scheme of a control-beam-driven nonlinear optical loop
mirror �NOLM� with a birefringent twisted fiber and a symmetrical coupler
designed for optical time division demultiplexing �OTDM� is analyzed.
The theoretical model of the proposed NOLM scheme considers the evo-
lution of polarization states of data and control beams and the mutual
interactions of the data and control beams due to the cross-phase modu-
lation �XPM�. Attention is given to the optical switching commanded by
the control-beam power and by the manipulation of nonlinear polariza-
tion rotation of the data and control beam. The simulations of NOLM
transmissions demonstrate that the cross talk between demultiplexed
and nondemultiplexed beams as an important parameter for optical
switching by the presented NOLM can be significantly reduced. The re-
sults show that the device can be of interest for all-optical signal manipu-
lations in optical communication networks. © 2009 Society of Photo-Optical In-
strumentation Engineers. �DOI: 10.1117/1.3125427�

Subject terms: nonlinear optical loop mirror �NOLM�; optical switching;
demultiplexing; polarization; control beam.
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Introduction

ne of the promising candidates for optical processing of
ignals like ultra-fast switching and demultiplexing of fu-
ure high-bit-rate optical time division multiplexing
OTDM� signals is the nonlinear optical loop mirror
NOLM� switch.1–3 There is a potential for demultiplexing
ata at speeds beyond 1 Tbit /s.4–6 The nonlinear transmis-
ion characteristics of the NOLM can be also utilized for
ther all-optical applications such as filtering, logical
perations,7,8 all-optical active mode locking,9 passive

091-3286/2009/$25.00 © 2009 SPIE
ptical Engineering 055002-
mode locking,10 pedestal suppression,11 amplitude regular-
ization of optical pulse trains,12 or regeneration of ultrafast
data streams.13

The NOLM is a fiber loop with a nonlinear element
constituting the Sagnac interferometer. All-optical switch-
ing speeds of �Tbit /s are possible, as the NOLM is based
on the ultra-fast Kerr effect in the optical fiber.14 There are
two principal schemes of all-optical NOLM switches: a
data-beam-driven switch and a control-beam-driven
NOLM.2 In both, the switching effect is based on the dif-
ference in the nonlinear phase shift between two counter-
propagating signals that causes the power-dependent trans-
mission characteristics of the NOLM.

In the control-beam-driven NOLM, the input data beam
May 2009/Vol. 48�5�1
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o be demultiplexed or switched is divided into two coun-
erpropagating signals �CW—clockwise; CCW—
ounterclockwise� by a symmetrical or an asymmetrical
oupler. The control signal is coupled into the loop through
he control port and propagates in the loop in only one
irection �CW�. The switching is commanded by the power
f the control signal. In the absence of the control signal,
he device acts as a mirror, and the data signal is returned to
he input port. The data and control signals must be thor-
ughly synchronized so that no additional phase shift
aused by data signal time jitter occurs.15

The control-beam-driven switching in a conventional
OLM is based on the cross-phase modulation �XPM�2,3 or

he self-phase modulation �SPM�16–18 in both polarization-
aintaining and nonpolarization-maintaining fibers. The

ey point of the scheme proposed by Kuzin et al.16–18 relies
n the nonlinear polarization rotation thanks to the use of a
wisted nonlinear fiber and a quarter-wave plate inserted in
he loop. This offers more degrees of freedom for the ad-
ustment of the transmission characteristics.19,20

The possibility to adjust the control-beam power to
each the required value of the NOLM transmission is of
articular interest in the OTDM applications. In addition,
he greater flexibility of the control-beam-driven NOLM
or OTDM systems results from the exploitation of polar-
zation effects. The degree of interaction between data and
ontrol beams due to XPM depends on the relative orien-
ation of the beams’ polarizations. Then, through the adjust-

ent of this relative orientation, the transmission and there-
ore also the switching properties can be tuned.

This paper studies the performance of a new NOLM
cheme modified in comparison with the Kuzin’s NOLM
esign.16–18 We analyze a control-beam-driven NOLM us-
ng a symmetrical data input coupler in which the switching
roperties are achieved by control-beam power and the
anagement of the nonlinear polarization rotation between

ata and control beams only. The transmissions of the
OLM scheme without a quarter-wave plate are simulated
ased on the theoretical model presented in the Sec. 2.

Particular attention is given to the cross-talk reduction
chieved by the management of the relative polarization
rientations between co- and counterpropagating data and
ontrol beams. In general, the switching by a control-beam-
riven NOLM results from the interaction of the control
eam with the fraction of the copropagating data beam
hrough XPM. However, when the average power of the
ontrol beam is large enough, the interaction between the
ontrol beam and counterpropagating data beam also oc-
urs and may become significant. Then, the low-value
ransmission depends on the average control-beam power
nd may become nonzero, which represents the cross talk
etween demultiplexed and nondemultiplexed OTDM
hannels. This paper reports that in the presented scheme of
he NOLM, a significant cross talk reduction can be
chieved.

Theoretical Model of a Control-Beam-Driven
NOLM

n this section, a theoretical model of the presented control-
eam-driven NOLM scheme is described. In our NOLM
cheme, a birefringent twisted fiber and a symmetrical cou-
ler are supposed. In such an NOLM, the beam propagation
ptical Engineering 055002-
is influenced by both birefringence and optical activity due
to the fiber twist. Therefore, the NOLM operation depends
strongly on the input polarization. The presented theoretical
model gives an idea of the behavior of the NOLM scheme
considering the evolution of polarization states of data and
control beams. Moreover, the mutual interactions of the
data and control beam due to XPM must be taken into
consideration. The beam attenuation, the dispersion of the
fiber, and the pulse dynamics are not considered in this
model.

2.1 Polarization Equations

This subsection considers the polarization state evolution of
propagating beams in the steady-state approximation.21,22

Our approximation neglects the fiber dispersion and is valid
when the pulse widths are sufficiently long to yield a dis-
persion length longer than the fiber length.16 The next dif-
ferential equations describe the polarization states of beams
propagating in a birefringent twisted fiber along the z axis
in the circular polarization basis:

�C+

�z
= i

hq

2n
C+ + ik exp�2iqz�C−, �1�

�C−

�z
= − i

hq

2n
C− + ik exp�− 2iqz�C+, �2�

where C+ and C− are complex amplitudes of right �CW�
and left �CCW� circular polarization components normal-
ized to the square root of the beam power, hq is the circular
birefringence �q is the fiber twist rate, and h�0.13÷0.16
for silica fiber is a parameter related to the circular birefrin-
gence and the fiber twist�, n is the refractive index, and k
=��n /� is a parameter related to the linear birefringence
�n �� is the wavelength�. The k parameter is connected
with the so-called fiber beat length Lb as Lb=� /k.

Amplitudes of polarized beams propagating along the
loop can be defined by the normalized Stokes parameter A
�in the circular polarization basis� and by the polarization
angle �. For the propagating beams in the circular polar-
ization basis, the following is valid:

A = �C+�2 − �C−�2 1 = �C+�2 + �C−�2, �3�

C+ = �1 + A

2
�1/2

ei� C− = �1 − A

2
�1/2

e−i�, �4�

where � defines the direction of the ellipse major axis to
the chosen direction.

Now let us transform Eqs. �1� and �2�, into the often
used eigenmode polarization basis.16 We transform com-
plex amplitudes C+ and C− into polarization eigenmodes S+

and S−.

S+ = cos � · C+ + sin � · C− C+ = cos � · S+ − sin � · S−,

�5�
May 2009/Vol. 48�5�2
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− = − sin � · C+ + cos � · C− C− = sin � · S+ + cos � · S−,

�6�

here �=arctan�k /�� /2. The parameter �= �h /2n−1�q ex-
resses the ratio of the fiber twist to the birefringence.

The normalized beam power P can be expressed from
qs. �3�–�6� using C+2+C−2=S+2+S−2:

P = ��1 + A

2
�1/2

ei� cos � + �1 − A

2
�1/2

e−i� sin �	S+

+ �− �1 + A

2
�1/2

ei� sin � + �1 − A

2
�1/2

e−i� sin �	S−.

�7�

eriving equations of polarization eigenmodes �5� and �6�,
pplying them on Eqs. �1� and �2�, and substituting for C+

nd C−, we obtain the following linear propagation equa-
ions:

�S+

�z
= i�hq

2n
cos 2� + k sin 2� cos 2qz�S+ + �− k sin 2qz

+ i�−
hq

2n
sin 2� + k cos 2� cos 2qz�	S−, �8�

�S−

�z
= �k sin 2qz + i�−

hq

2n
sin 2� + k cos 2� cos 2qz�	S+

+ i�hq

2n
cos 2� − k sin 2� cos 2qz�S−. �9�

.2 XPM between Polarized Eigenmodes
n a birefringent fiber, the state of polarization of two gen-
rally elliptically polarized waves changes with propaga-
ion. The orthogonally polarized components of each wave
re then mutually coupled through XPM. The resulting set
f four coupled Schrödinger equations neglecting the beam
ttenuation and the dispersion of the fiber is based on Ref.
3 and 24. The following nonlinear equations representing
he propagation of the two polarized components of both
he data and control beam expressed in terms of polariza-
ion eigenmodes are:

�S1
+

�z
= i
�1PIN1��S1

+�2 + B�S1
−�2� + �1PIN2�2�S2

+�2 + B�S2
−�2��S1

+,

�10�

�S1
−

�z
= i
�1PIN1�B�S1

+�2 + �S1
−�2� + �1PIN2�B�S2

+�2 + 2�S2
−�2��S1

−,

�11�

�S2
+

�z
= i
�2PIN1�2�S1

+�2 + B�S1
−�2� + �2PIN2��S2

+�2 + B�S2
−�2��S2

+,

�12�
ptical Engineering 055002-
�S2
−

�z
= i
�2PIN1�B�S1

+�2 + 2�S1
−�2� + �2PIN2�B�S2

+�2 + �S2
−�2��S2

−,

�13�

where the amplitudes of the polarized components of the
data �S1

+ ,S1
−� and control �S2

+ ,S2
−� beam slowly vary through

XPM, and PIN1,2 stand for input peak powers of data �1�
and control �2� beam. The parameter B=2 /3 for a linearly
birefringent fiber,23 and the nonlinear parameter � j
=n2� j /cAef f, j=1,2, where n2 is the nonlinear refractive
index �the Kerr coefficient�, c is the speed of light, Aef f the
effective modal area, and � j is the beam circular
frequency.23

2.3 The Complete Set of Propagation Equations

Equations �8� and �9� describe linear effects of the propa-
gation of two polarized beams along the birefringent
twisted fiber loop, and nonlinear Eqs. �10�–�13� represent
their mutual interactions due to XPM. By adding linear and
nonlinear propagation equations together, a complete char-
acteristic of the propagation of two beams �in terms of
NOLM—data and control beams� along the fiber loop and
their mutual interactions during this propagation can be ob-
tained.

The data- and control-beam amplitudes in terms of po-
larization eigenmodes satisfy the following coupled equa-
tions. �Subscripts 1 and 2 are related to the data and control
beam, respectively.�

�S1
+

�z
= i�hq

2n
cos 2�1 + k1 sin 2�1 cos 2qz

+ �1PIN1��S1
+�2 + B�S1

−�2� + �1PIN2�2�S2
+�2 + B�S2

−�2�	S1
+

+ �− k1 sin 2qz + i�−
hq

2n
sin 2�1

+ k1 cos 2�1 cos 2qz�	S1
−, �14�

�S1
−

�z
= i�hq

2n
cos 2�1 − k1 sin 2�1 cos 2qz + �1PIN1�B�S1

+�2

+ �S1
−�2� + �1PIN2�B�S2

+�2 + 2�S2
−�2�	S1

− + �k1 sin 2qz

+ i�−
hq

2n
sin 2�1 + k1 cos 2�1 cos 2qz�	S1

+, �15�

�S2
+

�z
= i�hq

2n
cos 2�2 + k2 sin 2�2 cos 2qz + �2PIN1�2�S1

+�2

+ B�S1
−�2� + �2PIN2��S2

+�2 + B�S2
−�2�	S2

+ + �− k2 sin 2qz

+ i�−
hq

2n
sin 2�2 + k2 cos 2�2 cos 2qz�	S2

−, �16�
May 2009/Vol. 48�5�3
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�S2
−

�z
= i�hq

2n
cos 2�2 − k2 sin 2�2 cos 2qz + �2PIN1�B�S1

+�2

+ 2�S1
−�2� + �2PIN2�B�S2

+�2 + �S2
−�2�	S2

− + �k2 sin 2qz

+ i�−
hq

2n
sin 2�2 + k2 cos 2�2 cos 2qz�	S2

+. �17�

Equations �14�–�17� have been used as the basis in the
utput data- and control-beam power simulations. The
OLM transmission T has been defined as T� POUT / PIN1,
here POUT is the total output power of both polarization

omponents of data beams, PIN1 is the data input power
onsisting of both CW and CCW components. The NOLM
ransmission is considered to be the NOLM transfer char-
cteristics to study the demultiplexing performance. The
olarization and control-beam power-dependent switching
peration and cross talk have been the main objective of the
alculations and discussions.

Transmissions of a NOLM Driven by Control-
Beam Polarization and Power

ccording to the theoretical model, the control-beam peak
ower and polarization-dependent NOLM transmissions

Data output

CCW

Data input

Control pulse

Control port

Coupler

CW

Rotator / Half-wave plate

x

x’

y y’

Long
fiber
loop

Polarization controller

Polarization controller

Fig. 1 The NOLM scheme.
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Fig. 2 �a� Transmission of the NOLM versus th
polarization between the linearly polarized input
Fig. 2�a�.
ptical Engineering 055002-
originate from nonlinear phase shift between polarized
counterpropagating beams coupled by XPM in a birefrin-
gent fiber. In order to analyze the influence of the control-
beam properties on the NOLM switching, we study numeri-
cal results of NOLM transmissions related to the presented
theoretical model.

The NOLM scheme �Fig. 1� consists of the conventional
nontwisted �q=0� fiber �ITU-T G.652� with length of
300 m. The symmetrical 3-dB data input coupler is used.
The data- and control-beam wavelengths are 1550 nm and
1555 nm, respectively. For all simulations, the following
parameters representing the NOLM properties were used:
the silica fiber constant h=0.141, the fiber beat length Lb
=15 m �Ref. 25�, the fiber refractive index n=1.45, the
nonlinear refractive index n2=3.2·10−20 m2 /W, and the fi-
ber core radius r=4·10−6 m. The NOLM transfer charac-
teristics are presented as functions of the peak power of an
individual control pulse, whereas the average control-beam
power is considered constant in all cases and equal to
0.7 W.

First let us study the possibility of influencing the
NOLM switching by setting the control-beam peak power
and the angle of polarization between the linearly polarized
input CW data and control beam. The polarizations of the
control and CCW data beams are kept parallel in all cases.
The numerical results show that the NOLM transmission is
periodically dependent on the control-beam peak power
�Fig. 2�. Moreover, without changing the control-beam
peak power, transmissions vary in a wide range by chang-
ing the mutual angles of polarization between input data
and control beams. We refer to the value of the control-
beam power at which the first maximum transmittance oc-
curs as the critical power. That means that the critical
power is the power necessary to switch the NOLM from the
minimum to the maximum transmission. For increasing
mutual angles of polarizations between the input data and
control beams from 0 deg to 90 deg, the values of the criti-
cal power increase approximately three times �from
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0
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0.15
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(b)
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2.8 W at 0 deg to �8.2 W at 90 deg�. This implies that
he critical power and the polarization angle can be ad-
usted by the polarization to achieve the optimum switch-
ng. In addition, the control-beam peak power window be-
ween two adjacent transmittance extremes increases with
he increasing angle of polarizations, being �0.7 W for
olarization angles of 0 deg and 30 deg, yet �2.6 W for
olarization angles of 60 deg and 90 deg.

Figure 3 displays the transmission characteristics as a
unction of the peak power of the control beam. The control
nd data beams are linearly polarized, and the mutual angle
etween their polarizations is equal to zero.

The transmission simulated here represents not only
OLM transfer properties, but is also a figure of merit of

he interchannel cross talk between demultiplexed and non-
emultiplexed channels. The main reason for the cross talk
s the XPM-induced phase shift. The first curve represents
he ideal case, i.e., if the transmission is zero at the zero
ontrol-beam peak power. That means that no cross talk is
bserved between the demultiplexed and nondemultiplexed
TDM channels at the output. But in practice, even if the

ontrol peak power is zero, the nonzero transmission oc-
urs, as illustrated in Fig. 3. In this case, referred to as real
n Fig. 3, the transmission of �25% occurs even if the
ontrol-beam peak power equals zero. This is due to a small
PM effect depending not on the instantaneous but on the

verage control-beam power causing the cross talk between
he demultiplexed and nondemultiplexed channel.

The next course of simulations proves that the variety of
he adjustment of transmission characteristics, including the
ross-talk reduction, can be extended by using a half-wave
late or a rotator in the loop. The curve in Fig. 3 referred to
s HWP represents the case of using a half-wave plate
HWP� placed close to the coupler of the NOLM �in the
CW direction� in terms of Fig. 1. This device allows ro-

ating the polarization of the data-beam fraction propagat-
ng in the CCW direction by an optional angle. Then an
dditional phase shift occurs, causing the shift of transmis-
ion characteristics. The angle of the HWP was adjusted so
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Fig. 3 �a� Transmission of the NOLM as a func
simulation schemes. HWP—a half-wave plate.
ptical Engineering 055002-
that the polarization of the data-beam fraction, propagating
in the CCW direction, was set perpendicular to the polar-
ization of the control beam. As Fig. 3 shows, at the zero
control-beam peak power, the NOLM becomes almost fully
transparent �transmission of �100%�. However, the trans-
mission of �0 is necessary for the crosstalk reduction �the
ideal curve, Fig. 3�. Therefore, the transmission character-
istic should be shifted back to the initial position. This can
be achieved by using a cascade of several HWPs. A rotator
placed in the loop can play the role of an HWP cascade.
The rotator works like an HWP; the difference is that no
additional phase shift occurs. Figure 3 represents also the
NOLM transmission by using the rotator. The angle of the
rotator is set to 90 deg, i.e., the polarizations of the data-
beam fraction propagating in the CCW direction and the
control beam are set perpendicular. The zoomed part 
Fig.
3�b�� shows that the cross talk can be strongly reduced �to
�3%� by applying the rotator.

Figure 4 illustrates the switching by setting the control-
beam peak power and the angle of polarization between the
linearly polarized input data and control beam in the
NOLM with a rotator placed in the loop. The angle of the
rotator is set to 90 deg, the polarization angle of the input
data beam equals zero, the polarization angle of the input
control beam is between 0 deg and 90 deg. The other pa-
rameters are kept the same as in the previous simulations.
The control beam is here again to achieve a switching de-
pending periodically on the input beam power. However, in
this case, a different effect on the interchannel cross-talk
reduction occurs depending on the polarization angle of the
input control beam. As can be seen from the zoomed-in
image in Fig. 4�b�, the interchannel cross talk is reduced to
a greater extent when the polarization angle of both data
and control beams is equal to zero �meaning that in the CW
direction, the polarizations of the two beams are parallel to
each other, while in the CCW direction, they are perpen-
dicular�. The increase of the input control-beam polariza-
tion angle causes the damped efficiency of the cross-talk
reduction. From the simulations, we deduce that a signifi-
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ant cross-talk minimization can be achieved at angles
maller than 30 deg. If the polarization angle is �45 deg, it
s better for cross-talk reduction to use the configuration
ithout the rotator in the loop. The maximum cross talk
ill be reached when the polarization angle equals 90 deg.

In the CW direction, the polarizations of the two beams are
et perpendicular to each other, while in the CCW direc-
ion, they are set parallel.�

As we can see, the mutual angles between polarization
omponents of the input data and control beams influence
ery sensitively the cross talk between the demultiplexed
nd nondemultiplexed channels. According to the numeri-
al results, we conclude that this sensitivity can be de-
raded by an adaptive adjustment of the rotator angle ac-
ording to the polarization angle of the input data and
ontrol beams.

As we have shown, the power exchanging process oc-
urring between the data and control beams influences the
OLM transmission limits. From all numerical results, one

an clearly see the transfer from the polarization and peak
ower changes of the control beam to the NOLM transmis-
ion, i.e., to the data beam. This is evidence that the NOLM
f our scheme works similarly to schemes as in Refs. 2 and
7 but with a reduced number of optical elements necessary
or OTDM demultiplexing in the usual optical telecommu-
ication band of �1550 nm.

Conclusions
n this paper, the performance of a control-beam-driven
OLM of a new design is simulated. In the presented
OLM scheme, a birefringent twisted fiber and a sym-
etrical coupler are supposed. Results of our theoretical
odel and numerical simulations indicate that the full

witching operation can be achieved by the control-beam
ower and the polarization orientation only. The critical
ower necessary to switch the NOLM from the minimum
o maximum transmission can also be adjusted through the
ngle change between the input data- and control-beam po-
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Fig. 4 �a� Transmission of the NOLM, including
the mutual angles of polarization between the
Zooms in on a part of Fig. 4�a�.
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larizations. Furthermore, attention is focused on the cross
talk between demultiplexed and nondemultiplexed beams
as the main parameter for the switching function of an
NOLM in OTDM systems. Such operation is very promis-
ing and should be implemented as a subsystem for the ad-
vanced so-called all-optical communication systems and
networks. The numerical results show that the effect of the
cross talk between the demultiplexed and nondemultiplexed
OTDM channels in the NOLM as an OTDM demultiplexer
can be strongly reduced �up to 8 times� through the man-
agement of the relative polarization orientations between
co- and counterpropagating data and control beams.
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