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The research of high-performance polarization controllers is of great significance for expanding the application field
of polarization optics. Here, a polarization switch is demonstrated by using a dual-core photonic crystal fiber (DCPCF)
with four symmetrical air holes, placed above and below each core, filled with magnetic fluid (MF). The switch, which
utilizes a magnetic field to change the coupling length ratio of the x and y polarization modes, enables dynamic tuning
of the polarization state and extinction ratio. Numerical results show that when the working length is 36.638 mm, the
magneto—optical polarization switch can operate in four communication bands, i.e., 1509 nm to 1520 nm, 1544 nm to
1556 nm, 1578 nm to 1591 nm, and 1611 nm to 1624 nm. Moreover, the extinction ratio (ER) is greater than 20 dB in the
fiber length range of 38.5 mm to 38.7 mm, indicating that the device has a good fault tolerance for the interception of the

fiber length.
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1. Introduction

As an electromagnetic wave, light possesses several ba-
sic characteristics, which include phase, intensity, polariza-
tion, and wavelength. ! Since the polarization characteristic is
a vector with multi-dimensional characteristics, its regulation
requires more advanced devices.?! In recent years, with the
improvement of the ability to control the polarization charac-
teristics of light, the unique advantages of polarization optical
methods are attracting more attention. Nowadays, polarized
optics has been widely used in the fields of optical communi-
cation, optical sensing and biomedicine.”>*! In order to fur-
ther tap the potential of polarized light methods, the control of
light polarization state is still a current research hotspot. At
present, the polarization state of light in space is mainly con-
trolled by birefringent elements, such as polarization splitting
prism, thin-film polarization beam splitters (PBS), and wave
plates.>-%! For the development of integrated photonics, con-
trolling the polarization state of light in silicon-based waveg-
uides is of great significance. Many silicon-based waveg-
uide PBS and rotators with excellent performance have been
reported.!”#] With the increasing application of optical fibers
in modern optical systems, it is of great significance to study
the polarization controllers based on optical fibers. At present,
there have been many reports on the research of fiber PBS and
fiber polarization filter,”~'3! but there are still some deficien-
cies in these reports. Firstly, the cost of introducing elliptical
holes or inconsistent round holes to increase birefringence is
that it will be a great challenge to fabricate fibers. The coexis-
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tence of different shapes holes is challenging in photonic crys-
tal fiber (PCF) manufacturing.!'®! Then, in pursuit of struc-
tural miniaturization, its compatibility with conventional fiber
systems is ignored. Finally, the device cannot convert the po-
larization state of the output modes. In addition, there are few
reports on all-fiber polarization switch.

Recently, we have witnessed the rapid development
of high-performance all-fiber devices in the PCF plat-
forms, combining with different optoelectronic materials,

17-191 {wo-dimensional materials,?%22! and

such as metals,!
liquids,>3->! to achieve different functions. The cladding of
PCF is composed of regularly arranged air holes, which facili-
tate the combination of PCF with different optoelectronic ma-
terials. PCEF, filled with functional materials, will exhibit dif-
ferent light guiding properties. Optical fiber sensing,[*! light
modulators,?>?"! etc. can be designed according to the princi-
ples. The combination of magnetic fluid (MF) and PCEF, by full
or selective filling, has attracted widespread attention. Many
related devices have been reported, such as magnetic field
sensors, 28739 magneto—optical modulators,*!) and magneto—
optical isolators. 3]

In this paper, we proposed a polarization switch based on
dual-core photonic crystal fiber (DCPCF) with same diameter
cladding air holes, and analyzed its characteristics with mag-
netic field or not, respectively. The result shows that, in a free
magnetic condition or its strength is less than a critical value,
it can be used as a PBS. However, when the value is more than

the critical value, the power of the received polarization mode
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decreases or increases at out ports. Therefore, the extinction
ratio (ER) of the output polarization mode can be ameliorated
by adjusting the magnitude of the magnetic field, and the po-
larization state can be rotated under a certain magnetic field
magnitude. In addition, we analyzed the influence of the fiber
length interception on the performance of the device. The re-
sults show that the switch has a good fault tolerance for the
interception of the fiber length.

2. Model and theory

Figure 1 shows the schematics illustration of the polariza-
tion controller based on DCPCF with uniform circular holes.
The air holes in the cladding of the PCF are periodically ar-
ranged in a hexagonal shape, the diameter of all the air holes
is d, and the distance between the two holes is A. Two cores,
C1 and C2, are formed by removing two air holes from the
periodically arranged air holes. The base material of the PCF
is silica, and its dispersion model can be described by the Sell-
meier equation.>3 The eight holes, painted in blue in Fig. 1,
are filled with MF. When there is no magnetic field around the
MF or the magnetic field magnitude is lower than its H, the
refractive index of the MF does not change. However, when
the surrounding magnetic field magnitude exceeds H., the re-
fractive index can be changed by adjusting the magnitude of
the magnetic field. The relationship between the refractive in-
dex of the MF and the strength of the magnetic field can be

described by the Langevin function[3+3>]
H—H T
nMr = (ns —no) [coth (Oc T C) — Ot(H—HC)} + 1o
(for H> H,), ey

where n, is the refractive index of the MF when the ambi-
ent magnetic field strength is less than H,, ny is the saturation
refractive index of the MF. H and T are the magnetic field
strength (in unit Oe, 1 Oe=79.5775 A-m~1) and temperature
(in unit K) of the environment, respectively, and ¢ represents
the fitting parameters. In this paper, a water-based MF with a
particle volume concentration of 0.53 emu/g was used, and H,
and T is assumed 43 Oe and 294 K, respectively. !
Combining mode coupling theory and super-mode
theory,*® when the DCPCF is viewed as a monolithic waveg-
uide, each mode in the waveguide will form two supermodes,
namely the symmetric mode (y-even, x-even) and the asym-
metric mode (y-odd, x-odd). The coupling law of DCPCF can
be analyzed by the superposition of supermodes when the light
with the energy of P, is input from the core C1. The most en-
ergy is transferred to C2 when the phase difference between
the symmetric and antisymmetric modes is . The two cores
in the DCPCF are identical, so the phase matching condition is
satisfied. Theoretically, the complete coupling of energy can

be achieved, and the coupling distance is Ly,

T
Liy= 2)
Xy S gEY

where ;¥ and B;” are the propagation constants of the four
supermodes, B = 27tneg/A, neg is the effective refractive in-
dex, and A is the wavelength in free space. Assuming the light
is input in C1, then the normalized energy of x or y polarization
mode output by Cl1 is given by

5y
e o =~ = c0s” (m2/2Ly). 3
1

To achieve complete separation of x- and y-polarized
light, it is necessary to satisfy the propagation distance z =
mL, = nLy, where m and n are positive integers with different
parities. It can be concluded that the device length is deter-
mined by the ratio of L, to Ly, which is defined as the coupling
length ratio (CLR):

CLR =L,/L, =n/m. “
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Fig. 1. Schematic diagram and cross section of the polarization switch
based on DCPCF. When the magnetic field is none or its strength is less
than a critical value, the two polarization (pol) modes, y-pol (red) and
x-pol (blue), are split into the two cores at the output ports. When the
magnetic field strength is more than the critical value, the ER of the
output polarization mode, y-pol (red) and x-pol (blue), can not only be
adjusted with the change of the magnetic field, but also the polarization
states can be rotated.

For conventional PBS, the ER is a key parameter to mea-
sure its performance. ER is the ratio of the energy of the po-
larized light to be eliminated in a fiber core at the output port
to the obtained. The calculation method is as follows:

ER = 10log;, (Pé“’“‘). )
Cl—out

The separation of the two polarization modes in the fiber
is achieved because of the difference in their coupling distance
from one core to the other. The reason for the different cou-
pling distances, however, is their different propagation con-
stants in the fiber. Therefore, it can be known that the polar-
ization state of the beam at the output end can be changed by
changing the length of the device or the propagation constant
of the polarization modes.
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3. Analysis and results
3.1. Optimization of the fiber structure

In this article, a finite element mode solver (COMSOL)
is adopted to optimize the parameters and performance of the
DCPCF. Most of the current reports on PBS have introduced
irregular air holes, such as elliptical air holes, circular air holes
with different diameters, in the cladding of DCPCF. As a re-
sult, more parameters need to be analyzed when optimizing
the device. The diameters of the air holes in the cladding of
the DCPCF designed in this paper are consistent. In this case,
we only need to analyze the influence of the air hole arrange-
ment period A and the duty cycle d/A on its performance. In
addition, this approach can reduce the complexity of the fiber
fabrication process compared to using non-uniform pores.
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Fig. 2. At the wavelength of 1.55 um: (a) the effect of duty ratio of the air
holes on CL and CLR with the parameters of A =4 um, (b) the influence of
A on CL and CLR with the parameter of d /A = 0.44.

Figure 2 depicts the influence of duty ratio and the hole
spacing on the coupling lengths and CLR. Figure 2(a) shows
the effect of duty ratio of the air holes on CL and CLR with
the parameter of A =4 pum. The results show that L, and L,
increase with the increase of duty cycle, while CLR decreases.
Because the coupling length L, < Ly, the smaller the CLR,
the shorter the length of the device will be.['”) When the duty
cycle in the PCF is less than 0.45,537) the single-mode trans-
mission with infinite cutoff can be realized, so d/A = 0.44 is
set. Figure 2(b) shows that the increase of the air hole spacing
also leads to the increase of Ly, when the duty cycle is fixed
at d/A = 0.44. Although the CLR also increases, the change

is not significant. The above results first show that this method
can be used for the modulation of the polarization state. In ad-
dition, the results show that after we determine the duty cycle
of the air holes, the change of the air hole spacing has little
effect on the CLR, which will be beneficial for us to design
polarization controllers of various sizes. In order to be com-
patible with the traditional single-mode fibre communication
system, A = 5.25 pm.

According to the optimized parameters, the device is sub-
jected to mode analysis, and the distribution of transmission
modes (y-even, y-odd, x-even, and x-odd) of the device at a
wavelength of 1550 nm is obtained as shown in Fig. 3. The
electric field of the even mode is in the same direction (sym-
metric mode), and the direction of the odd mode is opposite
(asymmetric mode). After analysis, both the even and odd
modes of the x and y polarization modes have energy leak-
age into the MF-filled holes, but more than 85% of the energy
is still confined in the core. Since the refractive index of the
MF is higher than that of air, it is more likely to cause en-
ergy leakage into the fiber cladding. Confinement loss can
be used to measure the PCF’s ability to confine light. A per-
fectly matched layer is introduced into the numerical model
to analyze the confinement loss of DCPCF. The results show
that the confinement loss of the modes supporting transmission
in the DCPCF of the entire communication band is less than
10~8 dB/m, which is negligible for millimeter-level device.
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Fig. 3. Mode field distribution of supermodes in DCPCF, at A =
1550 nm, A =5.25 um, d/A = 0.44.

3.2. Characteristics of the polarization beam splitter

The PBS performance of DCPCEF in the absence of mag-
netic field was analyzed. When the incident light is inci-
dent from the fiber core Cl1, the energy of the two polariza-
tion modes in the two fiber cores changes as the propagation
distance increases, and finally only one polarization state of
light can be obtained in each fiber core. According to for-
mula (3), the normalized power of the two polarization states
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in C1 can be obtained as a function of the transmission dis-
tance, at A = 5.25 pm, d/A = 0.44, A = 1550 nm. As shown
in Fig. 4, when incident at C1, the normalized powers of the
two polarization modes at the output of C1 vary with differ-
ent periods. When the length of the fiber is 38.638 mm, the
main energy at the output end of C1 is y polarization mode,
and the energy in the x polarization mode almost does not ex-
ist, thus realizing the function of polarization beam splitting.
The ER is —88.6 dB, which is another important indicator for
PBS. The results show that the device has excellent splitting
function when no external magnetic field is applied.

Nomalized power

0
0 10 20 30 40 50
Propagation distance (mm)

Fig. 4. The normalized power of x and y polarizations versus the transmission
distance, at A = 1550 nm, A = 5.25 um, d/A = 0.44. The red dotted line is
magnetic field magnitude at the first order separate length of 38.638 mm.

3.3. Analysis of magnetic tuning characteristics

After the dimensions of the device are determined, the
factors that affect L, and L, are mainly wavelength and mag-
netic field magnitude. The propagation constants 3 of the
four supermodes in the DCPCF will change with the wave-
length, and the coupling distance will also change according
to Eq. (2), as shown in Fig. 5(a). In the wavelength range
of 1260 nm-1675 nm, L, and L, decrease as the wavelength
increases. In addition, the refractive index of the MF in-
creases with the increase of the magnetic field magnitude, so
the change of the magnetic field magnitude will also cause the
change of the propagation constant of the four supermodes in
the DCPCF. As shown in Fig. 5(b), when the magnetic field
strength is lower than the critical value, the coupling distance
of the two polarization modes does not change with the change
of the magnetic field, but when the magnetic field magnitude
exceeds the critical value, it will decrease with the increase of
the magnetic field magnitude. Furthermore, the rate of change
of the coupling distance decreases with increasing magnetic
field magnitude. This is because the rate of change of the re-
fractive index of the magnetic fluid decreases as the magnetic
field magnitude increases, eventually reaching its saturation
value.

The normalized power and ER for the x and y polariza-
tion modes at the outports vary with wavelength. Combining
Egs. (3) and (5), the function curve of the normalized energy

and ER of the x and y polarization modes of the output port
of the fiber core C1 as a function of wavelength can be drawn
without magnetic field, as shown in Fig. 6. As described in
the figure, the change of wavelength will cause the change of
the energy and ER of the two polarization modes at the same
side output port under the condition of fixed device structure.
This is because a change in wavelength causes a change in the
coupling lengths L, and Ly, which have been analyzed in de-
tail above. As shown in Fig. 6, at the wavelengths of 1514 nm,
1550 nm, 1585 nm, and 1618 nm, the normalized energy and
ER are relatively high, and their values are (98.97%, 37.5 dB),
(99.87%, —88.7 dB), (99.72%, 37.9 dB), (98.95%, —39.7 dB),
respectively, the positive ER means that the main energy is x-
polarization mode, and the negative ER means that the main
energy is in the y-polarization mode. The magnetic tuning
characteristics of the device are analyzed below.
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Fig. 5. Coupling length versus the magnitude of (a) wavelength and (b)
magnetic intensity, at A = 1550 nm, A = 5.25 pm, d/A = 0.44.
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Fig. 6. The extinction ratio and normalized power versus the wave-
length without magnitude of magnetic field, at z = 38.638 mm, A =
5.25 um, d/A = 0.44.
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Fig. 7. Normalized power and extinction ratio versus the magnitude of magnetic field at different wavelengths (a) 1514 nm, (b) 1550 nm,

(c) 1585 nm, (d) 1618 nm.

Figure 7 depicts the normalized power and ER for the
two polarization modes of the C1 output port as a function
of magnetic field amplitude. According to formula (1), it can
be known that the refractive index of MF does not change
when the magnetic field H < 44 Oe, which does not affect the
change of the intensity of the two polarization modes of the
outports. As shown in Fig. 7, the intensity and ER of the two
polarization modes at the output port are stable in the range of
0 Oe—43 Oe. When the magnetic field intensity H > 44 Oe,
the refractive index of MF changes with the magnetic field in-
tensity, which will affect the intensity of the two polarization
modes of the output port. Figure 7(a) illustrates the normal-
ized energy and ER at the wavelength of 1514 nm. The re-
sults show that the normalized energy and ER, at magnetic
fields of 103 Oe, 184 Oe, 596 Oe, are (99.5%, 38.03 dB),
(99.52%, 38.84 dB), (99.85%, 67.92 dB), respectively. At
the wavelength of 1550nm, the results are shown in Fig. 7(b).
The normalized energy and ER of the two polarization modes,
at magnetic fields of 101 Oe, 187 Oe, 618 Oe, are (99.98%,
46.6 dB), (99.98%, 54.04 dB), (99.89%, 67.29 dB), separately.
Figure 7(c) demonstrates the normalized energy and ER at the
wavelength of 1585 nm. The results show that the normal-
ized energy and ER, at magnetic fields of 100 Oe, 181 Oe,
are (99.62%, 47.57 dB), (96.4%,49.46 dB), respectively. At
the wavelength of 1618 nm, the results are shown in Fig. 7(d).
The normalized energy and ER of the two polarization modes,
at magnetic fields of 108 Oe, 191 QOe, are (98.07%, 76.56 dB),
(97.51%, —59.44 dB), separately.

The positive ER means that the main energy is in the x-
polarization mode, and the negative ER means that the main

energy is in the y-polarization mode. It can be concluded that
the rotation of the polarization mode of the output port can be
realized by changing the amplitude of the magnetic field, and
the ER of the output polarization mode can also be tuned by
the magnetic field. The device can achieve polarization mode
rotation at the first-order polarization separation length. When
the magnetic field magnitude is 103 Oe, 101 Oe, 100 Oe, and
108 Oe, respectively, the polarization rotation at wavelengths
of 1514 nm, 1550 nm, 1585 nm, and 1618 nm can be achieved.
In this case, figure 8 depicts the wavelength as a function of
ER when outputting x or y polarization modes for different
wavelengths. Since the device needs to output different polar-
ization modes at the same wavelength, the ER when outputting
the x and y polarization modes separately should be more than
10 dB. In this case, when the central wavelengths are 1514 nm,
1550 nm, 1585 nm, and 1618 nm, the wavelength ranges that
satisfy the above conditions are 1509 nm—1520 nm, 1544 nm—
1556 nm, 1578 nm—-1591 nm, and 1611 nm-1624 nm, respec-
tively.

The above analysis results are obtained at the temperature
of 21 °C. However, when the ambient temperature changes,
the characteristics of the MF will also be affected. Thus, the
influence of temperature on the device performance should be
considered. The variation of temperature not only affects the
refractive index of the MF, but also changes its critical mag-
netic field strength H,.[>>38! In the literature, the influence of
temperature on the refractive index and H, of water-based MF
with a concentration of 0.85 emu/g was analyzed. The criti-

cal H. was found to increase from 22 Oe to 50 Oe upon in-
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creasing the temperature from 8.0 °C to 60.0 °C, and it can
be seen that H. and temperature are basically linear. In addi-
tion, they found that the refractive index of the MF increases
linearly and continuously with the particle concentration un-
der zero field, and the magnitude of thermo—optic coefficient
dnmp/dT is less than 10~% °C~!'. The concentration of the
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fore, its characteristics will have a similar variation trend as
the MF with a concentration of 0.85 emu/g. The above analy-
sis indicates that the alteration of temperature will change the
magnetic field strength of the polarization switch for polariza-

tion conversion to a certain extent.
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The fiber length of the polarization controller designed in
this paper is 38.638 mm. At the central wavelength, as a PBS,
the ER are 24.79 dB, —88.65 dB, 37.89 dB, and 39.69 dB, re-
spectively, and the ER when the polarization rotation occurs
are —38.03 dB, 46.67 dB, —47.57 dB, and 76.56 dB. This
length can be precisely controlled when analyzing its charac-
teristics by numerical simulation. However, there is an error
when cutting the fiber in the experiment. Figure 9 depicts the
curves of the ER as a function of the cutoff length of the fiber
when the wavelengths are 1514 nm, 1550 nm, 1585 nm, and
1618 nm, respectively. As shown in the figure, the absolute
value of the extinction ratio between the lengths of 38.5 mm
and 38.7 mm is greater than 20 dB, which indicates that the
device has a good fault tolerance for the interception of the
fibre length.

4. Conclusion

In conclusion, we have conducted a detailed study of a
novel polarization switch based on DCPCF, whose cladding
air holes are uniform in diameter. The DCPCEF is infiltrated
with MF in the four holes longitudinal symmetrically of each
core. Firstly, the influence of structural parameters on the per-
formance of the polarization controller is analyzed by the full
vector finite element method. The results show that the work-
ing length of the controller is 38.638 mm. The operating bands
with ER greater than 10 dB when outputting x or y polariza-
tion modes include 1509 nm to 1520 nm, 1544 nm to 1556 nm,
1578 nm to 1591 nm, and 1611 nm to 1624 nm. The mag-
netic magnitudes for polarization rotation in these bands are
103 Oe, 101 Oe, 100 Oe, and 108 Oe, respectively. The ER of
the output x or y polarization is greater than 20 dB in a range of
38.5 mm to 38.7 mm for the proposed polarization controller.
It shows that the device has a good tolerance for the fiber cut
length. In addition, the polarization controller has the char-
acteristics of simple manufacture and fair compatibility with
traditional optical fiber communication and sensing systems.
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