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Microstructured polarization beam splitters (PBSs) have attracted much interest in recent years. Here, a ring
double-core photonic crystal fiber (PCB) PSB (PCB-PSB) with an ultrashort, broadband, and high extinction ratio
(ER) was designed. The effects of the structural parameters on the properties were analyzed by the finite element
method, which revealed that the optimal length of the PSB was 19.08877 pum and the ER was —324.257 dB.
The operating bandwidth for an ER of less than —20 dB is 440 nm and the wavelength range spans the full
E+S+ C+ L+ U band between 1,320 and 1,760 nm. The fault and manufacturing tolerance of the PBS was
demonstrated for structural errors of +1%. Moreover, the influence of temperature on the performance of the
PBS was determined and discussed. Our results show that a PBS has excellent potential in optical fiber sensing and
optical fiber communications. © 2023 Optica Publishing Group

https://doi.org/10.1364/A0.483504

1. INTRODUCTION

In optical communications [1,2], optical routing [3], and pho-
toelectric detection and imaging [4], polarization beam splitters
(PBSs) are critical optical devices that divide the incident light
into two mutually orthogonal linearly polarized rays along
distinct directions [5]. Traditional PBSs typically have prismatic
structure such as the Rochon [6] and Wollaston [7] prisms,
and thin film interference PBSs [8]. Although most of these
PBSs have high extinction ratios (ERs) and simple structures,
conventional PBSs are bulky and difficult to integrate. In prac-
tice, they often must be connected to optical fibers through
photonic integrated circuits. In this respect, miniaturized and
integrated optical devices have emerged as a new area of study
on the heels of technical advances in microstructured optical
devices. An optical fiber PBS [9] has clear advantages such as a
small size, compact structure, and compatibility with optical
fibers. Nevertheless, PBSs based on conventional single-mode
fibers [10,11] have a small birefringence coefficient, which
leads to a small ER and a long beam splitter. These issues can be
resolved using photonic crystals [12—14], and there is extensive
research in fiber [15-17], couplers [18], cavities [19] and the
topological photonics field [20]. Photonic crystal fibers (PCFs)
have excellent optical properties such as ultrahigh birefringence,
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tunable dispersion, and cutoff-free single-mode transmission.
In addition, a PCF structure can be adjusted and optimized
easily; for example, by varying the size, arrangement, spacing,
and other characteristics of the cladding pores for a specific
application [21,22].

By optimizing the structure, PCF-PBSs can have a short
beam splitting length and high ER. In particular, dual-core
PCF-PBSs [23,24] have garnered a lot of interest due to favor-
able birefringence characteristics. Two parallel waveguides can
be viewed as dual-core fibers. Mode coupling causes variations in
the coupling length of the light energy traveling from one core to
another with different polarization directions and separation of
light with various polarization directions can be obtained based
on this difference. In recent years, many PCF-PBSs have been
studied [25-27]. Chen et al. [28] proposed a PCE-PBS with
hexagonal lattice air holes. This PBS uses fluoride phosphate
N-FK51A glass as the bulk material and the outer layer on the
central air hole is coated with a high refractive index As,S3 film
to improve the birefringence. At a wavelength of 1.55 pum, the
ER, coupling length, and bandwidth are 83.6 dB, 1 mm, and
280 nm, respectively. Shimu ez al. [29] reported a dual-core
hexagonal PCF-PBS consisting of two parallel golden wires
to enhance the coupling strength. At 1.55 pum the coupling
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length, ER, and bandwidth of the beam splitter are 481.73,
—98 dB, and 200 nm, respectively. Qu ez a/. [30] studied an
X-type dual-core PCF-PBS made of Ge20Sb15Se65 glass and,
according to the coupling length variation for the two polariza-
tion orientations, the PBS coupling length and bandwidth are
230 m and 358 nm, respectively, for a wavelength of 1.55 pm.
However, most previously reported PBSs can only satisfy one of
the three requirements of a small size, wide bandwidth, and high
ER, and only a small number of them can satisfy all the require-
ments at the same time. Therefore, it is necessary to develop a
PCE-PBS that can simultaneously meet all the requirements for
miniaturization, awide bandwidth, and a high ER.

Here, a ring-shape, dual-core PCF-PBS with a simple struc-
ture was designed and analyzed. To improve the birefringence
of the beam splitter and increase the refractive index difference
between the cladding and core, GaAs with a high refractive
index was chosen as the substrate. To enhance the asymmetry
of the structure, neutral liquid crystal (NLC) was used to fill
the central area, which consists of an elliptical hole and eight
surrounding larger round holes. Finite element analysis revealed
an optimal length of 19.08877 pum, an ER of —324.257 dB,
and a bandwidth of 440 nm (ER >20dB) at 1.550 pm.
This dual-core PCF-PBS not only meets the requirements of
miniaturization, a high ER, and a wide bandwidth, but also is
simple to produce. Consequently, we believe this PCF-PBS has
immense potential in optical communications, optical sensing,
and related applications.

2. DESIGN AND BASIC THEORY

Figure 1(a) depicts the cross section of the dual-core PCF-PBS
in which the central area comprises an elliptical hole and eight
surrounding large holes. The elliptical hole in the central region
increases the asymmetry of the fiber structure and produces a
strong birefringence effect. The major axis and minor axis of
the elliptical hole are 4 and #, and the radius of the large hole is
71. The distance between the elliptical hole and large holes is &
and the two cores are represented by A and B, respectively. The
two layers of air holes in the cladding are arranged circularly to
reduce the production complexity. The air holes in the first layer
have a radius of 7, and those in the second layer have a radius
of 3. The blue area in the figure is the perfectly matched layer
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Fig. 1.
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(PML), which absorbs radiant energy and provides the perfect
boundary conditions. The white area represents the air holes,
which lower the cladding refractive index and concentrate the
light in the core. The gray area is GaAs, which is chosen as the
PCEF substrate instead of the more common SiO, because of
the larger refractive index needed to increase the difference in
refractive indices between the optical fiber filling materials so
that more light is concentrated in the fiber core. The refractive
index 71 of GaAs is determined by the Sellmeier equation [31]
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where A is the wavelength of the incident light, 4=
5.372514, B; =5.466742 um?, C=0.4431307 um, D=
0.2429960 um?, E =0.8746453 um, F =1.957522 um?,
and G = 36.9166 um.

The pink area is filled with NCL E7. Compared to other
materials, NCL E7 has a high birefringence index in the IR
region due to its anisotropy. The refractive index of the fiber
background material GaAs is greater than that of NCL, so light
can be well confined in the fiber core. The Cauchy formula [32]
can be used to calculate the ordinary (7,) and extraordinary (7,)
refractive indexes, which make up the NCL refractive index:

Co,e
A2 + A

Bo,e

nn,e()") = Ao,e + (2)

where 4, ., B,..,and C, , are the coefficients of Cauchy model.
A,, B,, and C, are 1.4994, 0.0070 um?, and 0.0004 pum?,
respectively, and 4., B,, and C, are 1.6933, 0.0078 um?, and
0.0028 pum*, respectively, at 25°C. The refractive index 7, of
NCLis calculated by

ny = [”ov e, no]- (3)

The dual-core PBS can be visualized as two parallel wave-
guides between which the mode coupling occurs [33-35]. The
energy of the two fiber cores is converted as a result of the mode
coupling effect when light traverses the fiber core. The operat-
ing principle is illustrated in Fig. 1(b). Suppose that a beam of
light is incident from core A and transmitted for a distance L.
Due to the mode coupling effect, the energy in core A reaches
the minimum and the energy in core B reaches the maximum.

Sy x-polly-pol
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(b)

(a) Cross-section of the PCF-PBS. (b) Schematic showing the PBS operation principle.
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According to the different distances when the energy of the light
in two polarization directions is completely transferred, we can
determine the length of the optical fiber to separate the x- and
y-polarized lightat the output end of the optical fiber.

The coupling length is one of the important PBS parameters.
It describes the shortest transmission distance when the energy
exchange occurs between two PBS cores. Therefore, the shorter
the coupling length, the better the coupling performance. The
coupling lengths of the x and y polarization modes can be

calculated by [36]

A
N — @
)~ 2(”;4()/) _ nx(]))
where () is the real part of the effective refractive index of the
even mode in the x and y polarization directions, and 77, is
the real part of the effective refractive index of the odd mode in
the x and y polarization directions. In general, L, # L, and
so the distinct coupling lengths of different polarization
directions can be used to separate the beam.
The coupling length ratio (CLR) is an important factor to
assess the usability of the PBS and is described by the ratio of L,
toL y [371:

ClR=Lx_7 (5)
L, m
where 7 and 7 are positive integers with different parity. The
PBS delivers the best performance when CLR is 2 or 1/2 and the
length of the PBS satisfies L =m L, = nL,. The rays in the x
and y polarization directions are now entirely separated from
oneanother.

The length of the miniature PCF-PBS has a um magnitude
and the transmission loss can be neglected. The power of the
incident light is 7, and the output power of the fiber core is
Poye. The output power in the x and y polarization directions is

defined in [38] as
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when the incident light’s power is normalized as 7, = 1 and the
two polarized light normalized power (NP) is expressed by

Lot L
NP = —= = cos? il (7)
Py 2 L,

where L is the PBS length. The normalized power of one polar-
ized light reaches the maximum and that of the other polarized
light reaches the minimum at the output of the fiber core.

The degree of separation of the two polarization directions at
the fiber output is measured by the ER. The greater the absolute
ER, the better the beam separation is. The ER is calculated
by [39]

Poue
ER = 10log,,—— 0 (8)

out

where P and Py, are the output power in the x and y polari-
zation directions, respectively. The two polarization states can
be distinguished because the output power of the light in the two
directions is different by more than 100 times for |ER| > 20 dB.
Therefore, we define the bandwidth of the PCF-PBS in the

wavelength range when |ER| > 20 dB.

3. RESULTS AND DISCUSSION

According to the supermode theory [40], a dual core fiber has
two supermodes: the even supermode and the odd supermode.
The even mode has the same electric field direction, whereas
the odd mode has opposite electric field directions, as shown in
Fig. 2. The four modes, odd in the x and y polarization direc-
tions and even in the y and x polarization directions are present
in the coupling process of the dual-core PCF as a result of the
two polarization directions. Figures 2(c) and 2(d) show the even
and odd modes in the x polarization direction and Figs. 2(e) and
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Fig. 2.  Electric field distributions: (a) even mode and (b) odd mode. Mode field distributions at 1.55 pm: (c) x polarization even mode,
(d) x polarization odd mode, (¢) y polarization even mode, and (f) y polarization odd mode.
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2(f) are the even and odd modes in the y polarization direction.
It can be seen that the light energy is mainly confined to the core.

A. Effects of Structural Parameters

The asymmetry of the core is the main factor affecting the bire-
fringence of PBS and so the size of the cladding air holes and
the distance between the air holes have little influence. Here,
we mainly optimized the radius 7; of the large hole, distance 4
between the large hole and the core, and the parameters of the
ellipse. According to previous experience, the initial param-
eters were set as 2 =0.05 um, 6 =0.4 um, r; =0.22 um,
d=0.8 um,andr; =r3 = 0.2 um.

Figure 3 exhibits the change of the coupling length and CLR
when the distance & between the large round hole and the core
is varied while other parameters stay the same. By optimizing
d between 0.76 pm to 0.84 pm, a CLR that is infinitely close
to 2 or 1/2 was obtained while all the other parameters were
constant. In the figure, the black line represents the coupling
length in the x polarization direction, the blue line stands for
the coupling length in the y polarization direction, and the red
curve shows the coupling length ratio. Figure 3 shows that L,
is larger than L, at the communications wavelength 1.55 pm,
indicating that the y-polarized light has a stronger coupling
effect. The coupling length increased linearly and the ratio
of the coupling length decreased with an increasing 4. This
shows that when the distance between the large round hole and
center increases, the coupling effect decreases. Therefore, PBS
performs better when CLR approaches 2 and & = 0.82 pum is
chosen as the optimal value.

Figure 4 shows the variations in the coupling lengths and
CLR with large round hole radii at 1.55 um. If the radius of the
large hole is too large, manufacturing the beam splitter becomes
more difficult. However, if the radius is too small, light cannot
easily concentrate in the fiber core and so the optimized range
of 1 is between 0.17 um and 0.25 pm. By keeping the other
parameters unchanged, Fig. 4 shows that as ; goes up, the cou-
pling length in the x polarization direction (blue curve) and that
in the y polarization direction (black curve) decrease gradually.
This is because when the radius of the large round hole increases,
light can more easily concentrate in the fiber core to enhance
the coupling effect. Because L, decreases faster than L, the

212
22
=20 2.08
=
=18 L5 \_\ 12.04
=, —=—1.00IX
S 16} -=1.55ly "\(082,1.9945) | 200 &
= -=CLR R o
c 14+ |
= L N1
3 12 ‘
O I

8 1 1 1 1 1 1 1 188
0.76 0.77 0.78 0.79 0.80 0.81 0.82 0.83 0.84
d/(um)

Fig.3. Couplinglengths and CLR for different distances d between
the large round hole and core at 1.55 pm.
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Fig.5. Effects of the radii of the first-layer air holes on the coupling
length and CLR.

CLR rises with increasing 71 and when 7y = 0.25 pm, the CLR
is close to 2, which results in a better performance.

Figure 5 illustrates the trend of the coupling length and CLR
when the radii of the air holes in the first layer are changed
from 0.15 pm to 0.23 pm. The change has a small effect on the
coupling length in the two polarization directions. At points
A, B, and C, CLR = 2. This is because the size of the air holes
in the first layer barely affects the asymmetry of the fiber core,
only slightly altering the coupling strength. Since some manu-
facturing tolerance must be allowed in actual production, 7 is
determined to be 0.2 pm.

The shape of the ellipse has a notable effect on the polari-
zation beam splitter. Figure 6 shows how the coupling length
and CLR are affected by the minor axis of the ellipse. To make
CLR close to 2 by optimizing the minor axis of the ellipse, the
minor axis « of the ellipse has the range 0f 0.04 um to 0.12 pm.
Note thatif the minor axis is too small and the major axis & is too
long, manufacturing and production are difficult. Figure 6(a)
shows that as # is increased, the coupling lengths in the two
polarization directions increase and the coupling length in the x
polarization direction is greater than that in the y polarization
direction because the coupling strength weakens as the short
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Fig. 6. Influence of the minor axis on (a) the coupling length and
(b) the birefringence.

axis length increases. It can be seen from Fig. 6(b) that with the
change in the short axis, the refractive index difference between
the odd mode and the even mode in the x and y directions
gradually decreases, and the refractive index difference of x
polarization is smaller than that of y polarization. According
to Eqs. (4) and (5), a change in the minor axis has a greater
impact on the y polarization refractive index difference when
a is less than 0.06 um, and a change in the minor axis has a
stronger impact on the x polarization refractive index difference
when « is bigger than 0.06 pm. Therefore, CLR first magnifies
and then diminishes as the minor axis length is increased. For
a =0.05 um, CLR =2. Figure 7 shows the variation in the
coupling lengths and CLR for different major axes of the ellipse
between 0.35 um and 0.43 pm. The coupling length in the
x polarization direction goes up with an increase in the major
axis &, but the ellipse major axis has little effect on the coupling
length in the y polarization direction. The impact of the long
axis of the ellipse on birefringence in the x polarization direction
is obviously lower than that in the y polarization direction;
therefore, CLR goes up with the long axis. For 4 = 0.4 um,
CLR =2.

According to the aforementioned analysis, the optimal
structural parameters of the PCF-PBS are determined to be
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Fig.7. Influence of the major axis on the coupling length and CLR.
d=082um, r;=025um, r,=02um, r3=0.2pum,

a=0.05pum, and 6=0.4pum. The coupling lengths in
the two polarization directions are L, =19.08867 um
and L, =9.544335 um, and the length of the PCF-PBS is
19.08877 pm.

For the practical production of PBS, we chose the sol-gel
method [41] to prepare the PCFs. Compared to other methods,
it is easier to control the size, position, and shape of the air hole
using this method. The liquid crystal is heated and melted and a
syringe is used to putitinto the hole.

B. Analysis of the Properties

Figure 8 shows the relationship between the normalized power
of the PCF-PBS and the fiber length at 1.55 um. The red curve
represents the normalized power of the x-polarized light in
core A and the black curve is the normalized power of the y-
polarized light. For different fiber lengths, the optical power
of the two polarized lights changes periodically in core A and
core B. When the PCF length L is 19.08877 um, the optical
power of the x-polarized light in core A reaches the minimum
and the optical power of the y-polarized light is the maximum.
Correspondingly, in core B, the optical power of the x-polarized
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Fig. 8. Relationship between the normalized power P, , of the
PCEF-PBS and the fiber length.
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light is the highest but the optical power of the y-polarized
light is the lowest. Therefore, the x-polarized light in core A is
completely coupled to core B and the x-polarized light and the
y-polarized light can be completely separated.

Figure 9 exhibits the relationship between the ER of the PBS
and the incident light wavelength when the incident light wave-
length is changed from 1,250 nm to 1,800 nm. The ER isas high
as —324.257 dB when the wavelength is 1550 nm. At this time,
the output power of the y-polarized light is far less than that of
the x-polarized light. The polarized light in two directions is
separated. The bandwidth is 440 nm when ER < —20dB,
and the corresponding wavelength range is 1,320-1,760 nm,
thus spanning the full E4+S+ C+ L4 U band. In optical
fiber communications, the wavelength of light affects the trans-
mission loss. The light in the E, S, C and L bands is suitable for
transmission in optical fiber due to low signal distortion and
minimum loss caused by dispersion. In addition, U band will be
mainly used for network monitoring.

C. Fault and Manufacturing Tolerance

Although the optimal structural parameters were determined,
tolerance must be provided to allow for errors in the actual
production and the impact of 1% change of the optimal
parameters (4, b, 71, and &) on the performance of the dual-core
PBS was analyzed. Figure 10(a) shows the influence of the minor
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changes in the minor axis 2 and major axis & of the ellipse on
the ER and bandwidth of PCE-PBS. In the gray area, the ER is
less than —20 dB. The blue line represents the ER curve for the
ideal parameters and small changes in # and 4 have little effect
on the bandwidth. The maximum ER isstill 1.55 pm and about
36.89 dB less than the ideal ER when it fluctuates by +1% (red
curve and black dotted line in the figure). When & is increased to
1 4 1% (green curve), the ER shifts to red. The maximum ER is
still in the 1.55 pm working wavelength as 4 is reduced to 1-1%.
Figure 10(b) shows that the bandwidth does not change and
ER is still the maximum at 1.55 pm when 7; and 4 are altered.
Together with 7| increasing by 1%, the ER is only 37.33 dB
lower than the ideal value.

Although the change in the structural parameters decreases
the ER, the communications bandwidth is almost unaffected
when the ER < —20 dB. Therefore, the PCF-PBS still delivers
outstanding performance in this communications window.

D. Temperature Effects

The NCL refractive index is affected by temperature [42] and
Fig. 11 presents the ER change at 1.55 pm at different temper-
atures. The temperature change has only a small influence on
the bandwidth of the PCF-PBS and the ER is still maximum at
1.55 pm. When the temperature is 25°C, ER is —324.257 dB.
In comparison, ER = —54.269 dB at 20°C and —287.623 dB
at 30°C. Although the temperature affects the NCL’s refractive
index and changes the ER, in practice a thermoelectric module
can be used to control the temperature [43]. Moreover, GaAs has
good heat resistance and small temperature changes have hardly
any effect.

E. Performance Comparison

Table 1 lists the main performance indicators of PBSs reported
recently in the literature compared to those of our dual-core
PCE-PBS in terms of the length, ER, and bandwidth. Note
that the optimal structure meets the requirements of minia-
turization, high ER, and wide bandwidth, which bodes well for

commercial implementation.
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Table 1. Properties of Recently Reported PBSs vs.
Properties of Our PCF-PBS

Beam Splitter Bandwidth
References Length (um) ER (dB) (nm)
[29] 481.73 —98 200
[36] 34 149.9 200
[44] 123.6 78 314
[45] 90.73 109.57 500
[46] 62.5 —71 110
Our work 19.08877 —324.257 440

4. CONCLUSION

An ultrashort, ultrawide bandwidth ring dual-core PCF-PBS
was designed and analyzed. The PBS used high-refractive-index
GaAs as the bulk materials to enhance the birefringence due to
the structural asymmetry. By optimizing the size and spacing of
the PCF holes, the optimal structural parameters were derived
for a coupling length ratio of 2. The influence of the structural
parameters on the coupling characteristics was determined to
optimize the structure. Finite element analysis revealed that the
optimal PBS length is 19.08877 pm, the ER is —324.257 dB,
and the bandwidth is 440 nm. The PBS performed well and
its bandwidth was unaffected despite changes in the ERs. To
demonstrate the high tolerance, the properties of the device were
maintained even when the structural parameters were changed
by +1% to simulate manufacturing errors and operating tem-
perature fluctuations. Furthermore, the dual-core PCF-PBS
has a simple structure, which makes it simple to manufacture
while simultaneously meeting the three key requirements: an
ultrashort length, a high ER, and a wide bandwidth. These
advantages suggest that the dual-core PCF-PBS has good
application prospects in many areas.
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