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A Nonlinear Switch Based on Irregular Structures
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Abstract—We propose a novel nonlinear switchbased on the ir-
regularity in a three-core-doped photonic crystal fiber (PCF). We
numerically investigate the proposed structure, which consists of
air holes arranged in a triangular lattice around two defects sepa-
rated by a single Er-Yb doped core. Its switching operation is based
on the gain change in the doped core due to the nonuniformity and
irregular structure around it. It is shown that by adjusting the gain
in the doped core, the light is entirely transferred from the central
core to the upper and lower ones. We have employed the full vec-
torial finite-element method and the finite-difference time domain
to investigate and optimize the optical modes, nonlinear param-
eter, and gain effects on the switching operation. It is found that
an optimum gain is essential to allow either a periodic exchange of
the light between the upper and lower cores or independent core
propagation. Possible nonuniformity in the hole diameters and ir-
regularity problems of the proposed PCF design during the fabri-
cation process have been predicted. The waveguide dispersion with
respect to the doped central core region has been thoroughly inves-
tigated.

Index Terms—Birefringence, chromatic dispersion, optical
switches, photonic crystal fibers.

I. INTRODUCTION

P HOTONIC CRYSTAL fibers (PCFs) are receiving
growing attention in the photonics community [1]–[3]

due to their unique propagation characteristics and dispersion
properties. These microstructures offer new possibilities for
nonlinear applications as they possess a very small mode area
that enhances the nonlinearity. Due to these characteristics,
compact nonlinear devices can be realized, offering tremendous
benefits in all-optical signal processing on a single platform.
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The guiding of light in PCFs can be realized via one of the two
mechanisms: effective index guidance and photonic bandgap
(PBG) guidance. For effective-index-based PCFs, the effective
refractive index of the composite material (or cladding) is lower
than the refractive index of the higher index core, which makes
it possible to trap the light in the core region made of the higher
index material. The light is therefore confined by total internal
reflection (TIR) [4]. On the other hand, PCFs based on the PBG
have the capability to guide the light within a certain frequency
band [5]–[7]. PCFs have many remarkable properties, strongly
dependent on the design details such as low sensitivity to bend
losses even for large mode areas, small or large mode areas
leading to very strong or weak optical nonlinearities. This prop-
erty may be achieved with a lower numerical aperture than a
conventional fiber [8].

In the last decade, Er-doped fiber lasers have been thoroughly
investigated [9]. Er-doped fibers are widely used in the form of
trivalent ion Er as the laser-active dopant of gain media based
on various host materials. It exhibits a high threshold pump
power. Many energy transfer processes can occur, particularly
for high doping concentrations [10].The main applications
are in Er-doped fiber amplifiers for switching applications in
optical fiber communication systems [11]. Nonlinear Er-doped
fibers can offer many options for realizing couplers, solitons,
and switches [12]. The pioneering work of Janos and Minasian
[13] demonstrated that optical switches suffer from high pump
power and very long switching time. This is a result of the
refractive index variations due to the low gain, which is mainly
due to the lifetime of the metastable state, which is about
10 ms [14]. Chen et al. [15] studied a twin-core coupler that
includes both gain and losses. They have demonstrated that the
gain plays an important role in reducing the switching power
as well as reducing the device length. On the other hand, the
introduction of loss in the other core has a strong effect in the
switching process. Twin-core Er-doped fibers have been used
to realize a nonlinear switch [16], which is a key component
for the design and fabrication of all-optical fiber switches. In
all-optical switches using silicon photonic crystal nanocavities,
the operating power can be reduced significantly [17] due to
the fact that in a small volume of the nanocavities, the photon
density becomes very high, and subsequently, a large power
reduction can be achieved. Recently, it was demonstrated that
Er-doped fiber-based lasers offer excellent stability that can
be used in potential applications such as wavelength-division
multiplexing (WDM) systems [18], [19]. Liu et al. [20]has
proposed a new type of Er-doped PCF lasers with high perfor-
mances in terms of self-stability and uniformity due to the high
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Fig. 1. Doped three-core PCF structure.

nonlinearity in the doped core of the PCF. The PCF nonlinearity
can be affected by altering the shape, size, and position of the
air holes. Changing the mode size alters the nonlinearity of the
fiber by increasing or decreasing the power inside the fiber.
This either increases or decreases the nonlinear phase change
that is experienced by the light during propagation [21].

Additionally, proper design of the dispersion allows PCFs to
generate nonlinear frequency by using the strong nonlinearity
property. Recently published papers have shown that multiple-
core PCFs offer many new applications such as couplers, split-
ters [22]–[25], and switches [3]. Mangan et al. [26] demon-
strated that twin-core PCFs-based couplers have a wide cou-
pling length range by optimizing the design parameters such as
the hole size and the hole-to-hole spacing [26].

In this paper, we propose a novel nonlinear three-core PCF
switch. The switching operation and key fabrication parame-
ters of the proposed design are investigated. The central core
is doped with Er-Yb ions, whereas the upper and lower cores
are undoped. Light coupling between the upper and lower cores
is achieved by change in gain. The nonuniformity in hole di-
ameters and irregularity issues that can be introduced during
the fabrication process have been thoroughly investigated. Ad-
ditionally, nonlinearities, effective mode area, and waveguide
dispersion properties of the proposed design have been studied.

II. SIMULATION RESULTS

The PCF considered in this study is composed of air holes
arranged in a triangular lattice centered around three-core de-
fects, as shown in Fig. 1. The central core is doped with Er-Yb
ions, while the upper and lower cores are undoped. The PCF
considered in this study is assumed to be made of phosphate
glass, which has a higher refractive index (around 1.56) than
that of fused silica. It is well known that much higher doping
levels of Er and Yb ions can be achieved without the detrimental
clustering effect in phosphate glass than in silica glass. As a re-
sult, high gain coefficient, necessary for the nonlinear optical
switch, can be obtained in a PCF made of phosphate glass. The
PCF structure is described by the air hole diameter ( ) and the
air hole separation or pitch . The doped core marked as 1

Fig. 2. Variation of the effective refractive index of the fundamental and higher
order modes as a function of the operating wavelength.

(Core1) has a diameter of and a complex refractive index
[27]

(1)

where is the real part of , and represents
either a gain or loss. Upper and lower cores of which are marked
as 2 (Core2) have a diameter of , and a refractive index
equal to 1.5664. Air holes in the cladding region have a diam-
eter of . In designing PCFs, either the gain or the loss is a
fundamental parameter and is related to the imaginary part of
the complex propagation constant, which is directly dependent
on the imaginary part of the complex refractive index.

Initially, in order to show that the proposed PCF switch sup-
ports both the fundamental and second-order hybrid modes, we
investigated the effective refractive index of the fundamental
and higher order modes. Fig. 2 illustrates variation of the effec-
tive refractive index as a function of the operating wavelength
when the following core dimensions are considered:

m and m. The funda-
mental mode is represented by the solid curve, whereas the
dashed curve represents the second-order modes along
the -direction, and dashed-dotted curve represents the
mode along the -direction [28]. The upper and lower cores
have a higher refractive index than the background. As a result
of this, the mode has a slightly higher effective refrac-
tive index than the mode. In our proposed design, Core1
and Core2 have a higher refractive index than the background;

,
, and . The

index difference between Core2 and the background material
makes the mode have an effective refractive index slightly
higher than the mode. Due to the fact that the materials
that are used in both upper and lower cores have higher effective
index than background, the mode leaks/couples through to
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Fig. 3. (a) � component of the fundamental �� mode, when �� � � cm . (b) � mode of the electric field, when �� � � cm . (c) � mode of the
electric field, when �� � ��� cm . (d) � mode of the electric field, when �� � ��� cm .

both the upper and lower cores readily. The fundamental mode
is much better confined than the higher order modes, and as a
result of this, its effective refractive index is closer to the core
index. The difference between the effective refractive indexes of
the two fundamental polarization modes ( and ) is
very small, around . Therefore, throughout the paper, we
investigate only the (shown by the solid curve) modal
properties of the proposed PCF switch.

In this study, we assume that the doped core has both a real
refractive index step and a gain coefficient . The com-
plex refractive index step is given by (1), considering only the
gain effect, which means that is positive. The imaginary
part of the refractive index is about [27]. The changes
in pump light intensity modify the gain, which in return per-
turbs the refractive index of the central core. The existence of
gain in central core is found to be responsible for the decrease
in switching power and shortening the device length while the
introduction of the loss in the upper and lower cores plays a role
of idealizing switching [15]. The light switching is based on the
nonlinear refractive index modulation. The Er concentration in
a phosphate fiber can be as high as a few percent and the Yb
concentration can be over 10%. For such high doping concen-
tration, moderate pump power can generate the required gain
for the optical switching, depending on the signal power level
and the pump scheme. Since the gain is dependent on the signal

power level, the gain is the most important factor for this non-
linear switching.

In order to analyze the switching operation, full vector
finite-element method (FEM) is used to find the propagating
modes [29], [30]. The FEM is a powerful numerical tool able
to deal with many complex structures and provide full vector
analysis of different photonic waveguide devices, including
PCFs [29]–[31]. In the FEM formulation, the domain is divided
into many subdomains with triangular-shaped elements in such
a way that the step index profiles can be exactly represented.
The light propagation and power distribution are carried out by
employing the finite-difference time domain (FDTD) method
[32]–[34]. Initially, is set equal to 0, then the electric field of
the fundamental mode for both polarizations is calculated and
illustrated in Fig. 3(a) and (b). As may be seen from Fig. 3(a),
the component of the mode is more confined in
the central core than its counterpart component. This con-
finement feature of the mode to the core region is linked to
how much the mode expands toward the adjacent cores. The
confinement factor of a given mode is defined as the ratio of the
modal power propagating in the fiber core to the total power of
the mode. The effective refractive index of a mode, as a result,
is related to its confinement factor. A higher effective refractive
index indicates a better modal confinement. It is worth noticing
that component is slightly modified compared to the
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Fig. 4. Modal field expansion,� component of the fundamental�� mode.
(a) �� � ��� cm . (b) �� � ���� cm .

component, while the light remains confined in the central
core and is not coupled to the upper and lower cores. In order
to study the gain effect on the modal field expansion and the
coupling between cores, is varied. Our simulations show
that when ranges from 0.1 cm to 0.7 cm , the
and components of mode are still confined in the
central core. Results of and when cm
are illustrated in Fig. 3(c) and (d), respectively. When
increases from 0.7 cm to 0.8 cm , we note that there is a
power outflow from the doped core to the upper and lower ones,
which is induced by axial gain, as shown in Fig. 4(a). Also,
Fig. 4(a) shows that the component of fundamental
mode expands toward the upper and lower cores, and conse-
quently, the coupling operation is expected to take place. We
can draw the conclusion that the key parameter of the switching
operation is the critical value of the gain. The coupling and
switching operations are strongly depending on the minimum
required gain. The gain parameters depend on factors such as
the waveguide structure and the external pump. As a result, the
external pump can be properly adjusted to compensate the ef-
fect of the waveguide structure so that the nonlinear switch can
be achieved. This is an important characteristic of three-core
PCF structures with a single doped core.

Next, our study focuses on the switching operation, as we in-
crease to 0.85 cm . Fig. 4(b) shows the modal field expan-
sion of component, where cm . The mode in

the central core is transferred to the upper and lower cores. Fur-
thermore, the entire field in the central core is completely trans-
ferred to the upper and lower ones, when cm , as
shown in Fig. 4(b). This is due to the nonlinear refractive index
modulation that causes resonance frequency that shifts when the
pump power increases. Also, due to the fact that structures with
larger hole sizes demand a smaller air hole separation, a smaller
mode area can be achieved. The small mode area increases the
nonlinearity, and therefore, both the power and time switching
can be reduced. Chu and Wu [35] have demonstrated that by
increasing the input power from 13 to 0.93 mW, the light
switches from one core to another. Also, this switching opera-
tion is maintained until the input power reaches 5 mW, which
constitutes the saturation level [35]. To explain whether this
process is due to either nonlinear or thermal effects, an experi-
mental work was carried out by Betts et al. [36]. In their work
[36], they launched two light beams at different wavelengths
along a dual-core fiber. They found that the green light shifts,
while the red light did not shift. From this achievement, one may
conclude that the process is due to nonlinear effect and disper-
sion. The pulse switching is related to the dispersion length and
can be written as [3]

(2)

where represents the pulsewidth, is the dispersion, and
is the speed of light in vacuum. At shorter wavelengths, with a
small pulsewidth, the dispersion length is high and the switching
operation can take place. However, at larger wavelength, de-
creases and can be ignored. When the pulsewidth is large and
the dispersion is small, becomes large and light can be
switched. However, when the pulsewidth is small, the pulse re-
mains in the core confined and its switching depends strongly on
the parameter . In the Er-doped PCF, the pulsewidth is small,
which may result in a slow switching operation and an increase
of the loss. The confinement loss of the PCF can be reduced
significantly by increasing the number of air holes. PCF with
larger hole sizes results in a greater core isolation, and there-
fore, smaller effective mode area, and in return, the nonlinearity
would be increased. As a result of these effects, the switching
operation is easier to be achieved. The main effect of the wave-
length is the maximum gain that can be achieved in the core.
The maximum gain/loss occurs at the resonance wavelength of
the Er ion, close to 1.55 um.

In this paper, we have also investigated the birefringence
properties of the proposed PCF design. Birefringence is defined
as the difference between the effective refractive indexes of two
fundamental polarization modes ( and ) and can be
written as [37]

(3)

where and are the effective refractive indexes of each fun-
damental mode. The birefringence in PCFs can reduce the cou-
pling between the orthogonal states of the fundamental mode.
It is also worth mentioning that in many sensing applications
and applications where light is required to maintain a linear
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Fig. 5. Variation of birefringence as a function of the gain.

Fig. 6. Normalized power with the propagation distance when the upper and
lower cores are coupled.

polarization state, a high level of birefringence is often nec-
essary [38]. The introduced imperfections during fabrication
process can create asymmetries that break the degeneracy and
bring out unintentional birefringence [39]. The later increases
with the difference in refractive index of and polarized
modes. Therefore, we have investigated the effects of on
the birefringence, and the results are illustrated in Fig. 5. Here,
the birefringence is defined as the difference in the index of
the and polarized modes. It can be clearly seen that when

increases, also increases. Minimum birefringence is
achieved when . This clearly indicates that the intro-
duced defects generate the birefringence; PCF with larger air
holes experience a greater birefringence than PCFs with smaller
air holes [29], [40].

The power in the upper and lower cores as a function of the
propagation distance is shown in Fig. 6. Since the lower and

Fig. 7. Normalized power propagation while both cores are not coupled.

Fig. 8 Field pattern in the uncoupled cores.

upper cores are identical, the power is distributed equally be-
tween them. Power oscillations between these two cores are
mainly due to the mode beating phenomenon. One can see that
when the mode propagates along the PCF, the power is com-
pletely transferred from one core to the other at a propagation
distance of about 1.7 mm.

Fig. 7 shows the variation of the normalized power as a func-
tion of the propagation distance when the upper and lower cores
are not coupled. In this case, m and the diameter
of the upper core slightly changes in comparison to the lower
core. It can be observed that the power in the upper and lower
cores is not distributed equally. To further underpin this obser-
vation, we investigate the field propagation in both the upper and
lower cores by employing the FDTD method, and these results
are shown in Fig. 8. It can be observed from this figure that the
fields are confined in both cores with different amplitudes. It is
relevant to note that by optimizing the gain and using different
types of defects-based cores, the light can be totally transferred
from the doped core to the upper and lower cores.

From the manufacturing viewpoint, the proposed PCFs de-
sign can be easily fabricated with the current progress in PCF
technology, which has demonstrated that fabrication of even
more complex PCF structures is possible. Unfortunately, pos-
sible errors or various imperfect fabrication conditions, as in any
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PCF structure, could affect the light propagation characteristics
of the proposed design. Therefore, fabrication error possibili-
ties, such as the variation of hole size and hole-to-hole spacing,
have been investigated. The fabrication tolerances have been
previously discussed by Poletti et al. [41]. In this paper [41], dis-
persion of the proposed PCF design is investigated by changing
the air hole sizes and the hole-to-hole spacing by 1%, 2%,

5%, and 10% from the optimum value. One can see from
this paper that nonuniformities affect the propagation and this
results in variations in dispersion values. In addition, Reichen-
bach and Xu [40] have shown that nonuniformities occurring
in cladding area are affecting the birefringence and zero-disper-
sion wavelength. Tolerances from the literature on PCF man-
ufacturing are between 1% and 10%. Therefore, we have
decided to take it as 5%.

Awareness of the sensitivity of different fiber properties
having hole-to-hole spacing deficiency and the degree of struc-
tural variations that can be tolerated will also be helpful tools
for future PCF designs. Such investigation can be carried out
through calculations of effective mode area , which is one
of the key parameters in designing PCFs. The effective area of
the core area can be calculated using [8]

(4)

It is known that a low effective area provides a high density of
power needed for nonlinear effects to be significant. However,
the effective area can also be related to the spot size, with the
Gaussian width , through , and thus, it is also im-
portant in the context of confinement loss, microbending loss,
macrobending loss, splicing loss, and numerical aperture [42].
Here, in this study, we investigated the effective mode area of
the proposed PCF structure as a function of the operating wave-
length.

Variation of the effective area as a function of the operating
wavelength where diameter of Core1 and Core2 has changed to

5% is presented in Fig. 9. The dashed line represents the case
where m, m, and the effective
area is 62.3 m at a wavelength of 1.55 m. As can be seen
from this figure, the effective area of the coupled fundamental

mode increases when diameter of the central core (Core1)
increases 5% and drastically decreases when the diameter of
the central core decreases. At the shorter wavelengths, the ef-
fective area of coupled mode increases significantly when the
upper and lower core sizes decrease. On the other hand, one can
see that at longer wavelengths, the effective area has slightly
changed when the diameter of the upper and lower cores has
changed to 5%. It is apparent that, at longer wavelengths (be-
tween 1.4 and 1.8 m), variation of the central core size does
not significantly affect the effective mode area.

The dispersion caused by the wavelength dependence of the
nonlinearity counteracts the dispersion of the fiber, and thus,
the pulses do not become wider as much as it is expected by
taking into account constant parameter values for dispersion and

Fig. 9. Variation of effective area as a function of the wavelength where
nonuniformity of holes diameter investigated, when � � ��� �m and
�� � ��� cm . Dashed line represents the case where �	
�� � ��� �m
and �	
�� � ��� �m.

Fig. 10. Variation of nonlinear parameter � as a function of the wavelength
when � � ��� �m and �� � ��� cm where diameter of Core1 and Core2
has been increased and decreased by 5%. Dashed line represents the case where
�	
�� � ��� �m and �	
�� � ��� �m.

nonlinearity. The nonlinear parameter is inversely proportional
to the effective area and can be calculated from [43]

(5)

where is the nonlinear index coefficient
[43]. PCF design presented in [3] has material with nonlinear
refractive index 400 times that of silica. Therefore, nonlineari-
ties are expected to be much higher than our proposed design.

Fig. 10 illustrates the variation of the nonlinear parameter
as a function of the operating wavelength. Dashed line repre-
sents the case when m, m,
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Fig. 11. Field profile of the dominant� component of the fundamental��

mode, when core diameters have been changed to �5% at wavelength � �

���� �m. (a) Core1 �5%. (b) Core1 �5%.

and at the operating wavelength
1.55 m. As can be seen from this figure, the nonlinear param-
eter for all cases decreases when the wavelength increases, ex-
cept when the diameter of the Core1 increases for 5%. In this
case, the nonlinear parameter is almost flattened. The nonlinear
parameter is more affected by the nonuniformity of central core,
since it is directly related to the effective area.

The field profiles of the dominant component of the fun-
damental coupled mode is shown in Fig. 11 when the
nonuniformity of hole diameters ( 5%) is investigated at

m. Fig. 11(a) and (b) illustrates the case when Core1 is
distorted for 5% and 5%, respectively, while Core2 is kept
fixed. As may be observed from Fig. 11(a), the mode couples
easier when the central core diameter decreases by 5%. How-
ever, when the size of the Core1 increases by 5%, it can be
clearly seen from Fig. 11(b) that mode leaks to the central core.
In other words, the mode [in Fig. 11(b)] has not been transferred
completely to the upper and lower cores. At the operating wave-
length of 1.55 m, the nonlinear parameters of the proposed de-
sign for 5% and 5% are reported as and

, respectively, where it is
at ideal position.
In order to investigate the effects of the central core on the

robustness and sensitivity of the proposed PCF structure,
is calculated. The rms is generally used to describe the average

Fig. 12. Variation of ��� as a function of the wavelength when � � 	�� �m
and 
� � ��� cm where diameter of ���� � ���� �m and ���� �

��� �m (ten different positions have been considered: � � � and � � �, � �

��� �m � ��� �m and � � �, � � � and � � ����m � ��� �m, � �

��� �m � ��� �m and � � ��� �m� ��� �m).

effect related to the nonlinearity coefficient in analyzing random
processes, and can be defined as

(6)

where is the total number of samples, is the consideration of
random distributions of the cores when the irregularity is inves-
tigated, and is the average value of the nonlinear coefficient.

The maximum of rms is reached at m, where the
disorder of cores makes it more dispersive. The core disorder
allows to deviate from the ideal value; similarly, the chro-
matic dispersion fluctuates and shifts from its ideal value. At
the optimum position, the standard deviation of rms is about

, the perturbation accounts for all errors.
Fig. 12 shows the variation of as a function of the wave-

length when m, cm , Core1 diameter is
11.4 m, and Core2 diameter is 5.7 m. In these simulations, ten
different positions of central core have been considered. Owing
to the symmetry of the structure, position of the central core is
moved only in and directions. The following positions
are considered: ( and ), ( m m and

), ( and m: 0.6 m), and ( m:
0.6 m and m: 0.6 m). One can see that the
effect that is related to the nonlinearity coefficient decreases as
the wavelength increases from 1.2 to 1.65 m, then it gradu-
ally starts to increase as the wavelength increases from 1.65 to
1.8 m.

A study of dispersion in PCFs is essential for practical
applications in optical communication systems, dispersion
compensation, and linear/nonlinear optics. Chromatic disper-
sion [44]–[47] is the main factor contributing in optical pulse
broadening. Therefore, it is vital to calculate the chromatic
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Fig. 13. Variation of the waveguide dispersion of coupled �� mode as a
function of the wavelength where doped and undoped central cores are used.

dispersion, which is caused by the combined effects of material
and waveguide dispersions

(7)

where is the velocity of light and is the real part of
. Material dispersion refers to the wavelength dependence

of the refractive index of the material caused by the interaction
between the optical mode and ions, molecules, or electrons in
the material. Waveguide dispersion depends on the core diam-
eter and the refractive index contrast between the core and the
cladding. In this study, the material dispersion is not considered
since three different materials with different refractive indexes
have been used, and each material has unique dispersion prop-
erties; for this reason, it is not possible to simulate exact calcu-
lation of chromatic dispersion.

Fig. 13 shows variation of the waveguide dispersion of cou-
pled mode as a function of the wavelength when doped
and undoped central cores are used. One can see that the pro-
posed PCF exhibits a high performance in terms of waveguide
dispersion. Nearly zero and ultraflattened dispersion across a
wide wavelength – m is obtained for both cases. At
shorter wavelengths, the dispersion difference between PCFs
with doped and undoped central core is higher than at longer op-
erating wavelengths. Since the mode couples more in the upper
and lower core levels, doping of the central core does not af-
fect much the dispersion at longer wavelengths. It is known that
nearly zero and flattened dispersion across a wide wavelength
would have tremendous potential for future applications such as
high bit rate communication systems, polarization maintaining
devices, and sensing systems. Integrated optical sensors with
arms require an optical switch with a relatively slow switching
time. Typically, these optical sensors consist of two arms, where
the first arm can be used as a reference and the second arm con-
tains the analyte. Therefore, the optical difference can be real-
ized by scanning and analyzing the arms. The proposed switch

can be used to transfer light from the reference arm to the other
one. Finally, fabrication of the proposed PCFs is believed to be
attainable with a high feasibility and is not beyond the realms
of today’s available technology.

III. CONCLUSION

A novel nonlinear switch based on three-core-doped PCF is
reported. It is found that the switching operation is sensitive
to the irregular structure around the doped core. Our simula-
tions show that a periodic power exchange between the upper
and lower cores can be achieved by adjusting the gain. It is
also found that independent light propagation in the fiber core
can take place for a certain value of the gain. It is shown that
the birefringence increases with the increase in the gain. Effec-
tive mode area and nonlinear coefficient parameter of the pro-
posed switch have been reported. These properties are impor-
tant in the context of confinement, bending and splicing losses,
along with NA. Finally, dispersion properties of proposed de-
sign have been presented. Ultraflattened dispersion is achieved
when doped or undoped central cores are used for wavelengths
between and m. The proposed nonlinear PCF switch
with desired properties as reported here will have a great impact
on future applications such as wideband supercontinuum gener-
ation, ultrashort soliton pulse transmission, and WDM transmis-
sion [18], [21].
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