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High Extinction Ratio Polarization Beam Splitter
Design by Low-Symmetric Photonic Crystals
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Abstract—A novel concept of polarization beam splitting with
high polarization extinction ratio is proposed based on the polar-
ization sensitive self-collimation feature of symmetry reduced pho-
tonic crystals. The idea utilizes self-collimation mechanism and
rotated isofrequency contours arising due to the deliberately im-
plemented symmetry reduction in the photonic structure. Square
lattice of low-symmetric rectangular air holes in dielectric back-
ground are numerically analyzed in both frequency and time do-
mains. The operating bandwidth of the device is Δλ = 53 nm. At
λ = 1.55 µm, polarization extinction ratios are ∼23 and ∼18 dB
for transverse electric and transverse magnetic ports, respectively.
The investigated device is 46.4 µm × 12.4 µm in size and based on
a uniform, planar, and homogenous structure. Therefore, there is
no need for an additional splitting assistance to separate the two or-
thogonal polarizations. Possible fabrication imperfections are also
analyzed and it is observed that polarization extinction ratios stay
above 17 dB when error percentage is around 5.5%. With hav-
ing these advantages, symmetry reduced photonic crystal-based
polarization beam splitters can be a good candidate for optical
communication applications.

Index Terms—Photonic crystals, photonic integrated circuits,
polarization beam splitters, self-collimation.

I. INTRODUCTION

PHOTONIC crystals (PCs) are periodic structures that have
been studied since their first introduction to the literature in

1987 [1], [2]. At first, they were designed to achieve complete
photonic band gaps (PBGs) which block the flow of photons
in specific frequency ranges in all propagation directions. After
several years, researchers have exploited new significant fea-
tures of PCs such as self-collimation [3], [4], super-prism effect
[5], negative refraction [6], and flat focusing mirrors [7] such
that the ability to manipulate light without structural defects has
been shown to be feasible differently from a PBG based light
management.

Manuscript received October 29, 2016; revised January 4, 2017; accepted
January 22, 2017. Date of publication January 24, 2017; date of current version
April 20, 2017. The work of U. G. Yasa and I. H. Giden was supported
by the Scientific and Technological Research Council of Turkey (TUBITAK)
under Project 115R036. The work of H. Kurt was supported in part by the
Scientific and Technological Research Council of Turkey (TUBITAK) under
Project 115R036 and in part by Turkish Academy of Sciences.

U. G. Yasa, I. H. Giden, and H. Kurt are with the TOBB University of
Economics and Technology, Ankara 06560, Turkey (e-mail: gorkemyasa@
etu.edu.tr; igiden@etu.edu.tr; hkurt@etu.edu.tr).

M. Turduev is with the TED University, Ankara 06420, Turkey (e-mail:
mirbek.turduev@tedu.edu.tr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2017.2657697

Polarization beam splitters (PBSs) are very essential com-
ponents in photonic integrated circuits (PICs) and optical
communications (polarization-division-multiplexing) due to the
capability of separating two orthogonal polarizations, i.e., trans-
verse magnetic (TM) and transverse electric (TE) into differ-
ent propagation directions. Most of the photonic devices are
designed to operate properly under one type of polarization.
Hence, if the incident light is unpolarized or partially polarized
then it is imperative to split the wave into two orthogonal po-
larizations. Earlier PBS devices [8]–[12] were not sufficiently
compact in terms of dimensions to meet optical circuit require-
ments because of being on the order of millimeters. In contrast
with the conventional ones, PBSs that are made of PCs are more
compact and efficient. Various PBS devices based on PCs have
been introduced in the literature [13]–[18]. To briefly exemplify
some pioneering PBS studies, Ao et al. suggested splitting of
polarization based on the negative refraction for one type of
polarization and conventional refraction for the other one [15].
The weakness of the negative refraction concept is the strong
diffraction of light (beam spreading) after the refraction occurs
at the air-PC interface. Another drawback could be the require-
ment of oblique excitation targeting the relevant section of the
iso-frequency contours (IFCs). Other concept of polarization
splitting with PCs was introduced by Ohtera et al. that uses
PBGs to filter two different polarizations [16]. In addition to
that, PBG effect was combined with self-collimation feature to
polarize self-guiding waves with a splitting band gap region
[17]. Such type of PC heterostructures may suffer from the in-
clusion of the defect region (splitting region) inside the periodic
structure so that possible fabrication errors may lead to weaken-
ing or shifting of the gaps. An alternative method was proposed
by Wu et al. that utilizes differential dispersion characteristics
of TM and TE modes in order to separate the polarization states
[18]. This type of PBS concept suffers from strong light diffrac-
tion and low transmission for both polarizations because of the
absence of self-collimation phenomenon.

Aside from the methods mentioned above, here we propose
a new concept of PBS with high polarization extinction ratios
(PERs) by reducing the structural symmetry of PC unit-cells
in a periodic medium. Inclusion of additional PC rods or mod-
ifications in the unit-cell scale (e.g., switching circular rods
with elliptical ones) give rise to low-symmetric PC structures
with broken rotational symmetry [19]. Although most of the PC
related studies have focused on circular and square shaped unit-
cell elements, low-symmetric PC media has recently gathered
a great attention because of their capabilities to control light

0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



1678 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 35, NO. 9, MAY 1, 2017

Fig. 1. (a) Square lattice of 2D rectangular air holes. (b) Geometric represen-
tation of 2D unit-cell with ar = 0.30a, br = 0.60a, εa = 1 and εb = 9.61. 2nd

band IFC plot of (c) TM and (d) TE polarization states, respectively. In both IFC
figures, frequencies that correspond to operational bandwidth are emphasized
with bold fonts. Direction of gradient vectors for normalized frequency a/λ =
0.300 is shown with red arrows.

propagation in different ways such as tilted self-collimation and
focusing [20], [21], diffraction-free light propagation [22], and
wavelength division demultiplexing [23].

II. DESIGN APPROACH AND PRINCIPLE OF OPERATION

In this study, the proposed low-symmetric PC that utilizes
tilted self-collimation feature to split polarizations consists of
square lattice rectangular PC air holes with a fixed lattice con-
stant a = 460 nm as depicted in Fig. 1(a). Permittivity value
of the dielectric background and air holes are taken to be εb =
9.61 and εa = 1, respectively. Fig. 1(b) shows a zoomed view
of each PC air hole geometry in a dielectric background with
size parameters equal to ar = 0.30a and br = 0.60a. Angular
orientation of each unit-cell element is denoted by the angle θ
with respect to x-axis as shown in Fig. 1(b).

The geometry of the PC unit-cell provides the construction
of complex photonic structures that may yield distinct spectral
features [19]. IFCs are created to investigate the propagation
behavior of light through the proposed PC structure. These con-
tours give us information about dispersive characteristics of the
structure and the underlying physical mechanism of polariza-
tion splitting phenomena. The propagation of light within the
PC structure can be defined by the formula,�vg (x, y) = ∇kω(k),
where �vg is the group velocity of light and k is the wave vector.
Furthermore, �vg represents the direction of energy flow which
is perpendicular to the dispersion contours. In other words, the
propagating beam follows the direction which is determined by
the IFCs.

Plane wave expansion method is performed in order to
extract the dispersion characteristics of the PC structure [24].
As it is well known, 1st bands of TM and TE polarizations
of square lattice PC structures consist of circular shaped IFCs
(isotropic medium) and this feature is generally independent
of the unit-cell structure. On the other hand, 2nd bands of both
polarizations may contain square-like shaped IFCs which imply
the existence of a conventional self-collimation phenomenon

Fig. 2. Influence of air hole angular orientation on IFCs is shown for normal-
ized frequency a/λ = 0.300 with respect to θ parameter for (a) TM and (b) TE
polarizations. (c) Band structure for both polarizations and (d) corresponding
transmission spectrum when θ = 45◦. In (c) and (d), gray shaded field indicates
the operating frequency interval (a/λ = 0.290 − 0.300) of the designed PBS
device.

[3], [4]. Self-collimated beam paves the way for diffraction
limited propagation of light within the PC medium with high
transmission efficiency. This characteristic makes PC structures
that utilize self-collimation effect more attractive rather than us-
ing additional assistant structures to convey the light efficiently.
Low-symmetric PCs can efficiently manipulate the shape of
self-collimated IFCs and they lead to a tilted self-collimation
effect [20], [21], [23]. Therefore, for PBS design, the 2nd bands
of TE and TM polarization modes were considered. In this
study, we have calculated IFCs of the 2nd TM and TE polariza-
tion bands for the rotation angle of θ = 45◦ which can be seen
in Figs. 1(c) and (d), respectively. The reason to select 45˚ will
be explained later in the text. In Fig. 1(c), one can observe tilted
square-shaped dispersion curves with tilted flatness along the
Γ-X direction for TM polarization mode. This flatness leads to
the generation of tilted self-collimating beams inside PC struc-
ture along the directions normal to these flat curves (directions
of light shown with red arrow as insets). On the other hand, in
case of TE modes, the rotation of the rectangular air holes does
not give rise to rotation of square-shaped dispersion curves.
Therefore, one can observe conventional self-collimation effect
in the Γ-X direction. It can be deduced that the orientation of
the rectangular air holes in dielectric background has stronger
influences on the direction of light propagation inside the
medium for TM polarization compared to TE polarization case.
Thus, operating at both TE and TM polarization modes within
those tilted and normal self-collimation regimes paves the way
to design a PBS structure for a certain bandwidth.

Figs. 2(a) and (b) are collection of dispersion curves when
θ traces values from 0° to 45° in counterclockwise direction.
Different frequency contours are chosen at fixed operating
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Fig. 3. Electric (E) and magnetic (H) field distributions of (a) TE (Ex ,
Ey , Hz ) and (b) TM (Hx , Hy , Ez ) polarized modes at normalized frequency
a/λ = 0.295 when θ = 45°.

frequency of a/λ = 0.300 for TM and TE modes, respectively.
As can be deduced from these figures, an increase in the angle θ
directly affects the TM curves by transforming their square-like
shapes to the tilted ones without deforming the flatness of the
dispersion curves as shown in Fig. 2(a). Inclination of the 2nd

TM band IFCs gives rise to a tilted self-collimating effect and
the tilt amount can be tuned by only adjusting the air hole ro-
tation angle θ. On the other hand, TE curves are not influenced
much with different orientations of rectangular PC holes but
flat region of 2nd band IFC gets slightly enlarged, i.e., ky -width
of self-collimation region slightly increases. Therefore, one can
deduce that light beam with different TM and TE polarizations
can follow different paths (directions) inside the periodic struc-
ture due to the above mentioned self-collimating effects. This
property enables the polarization splitting of the incident light
beams at the output of the structure.

TE and TM modes act differently for the orientation of the
symmetry reduced unit element of PCs within the selected op-
erating bandwidth. The difference can be linked with the mode
energy distributions and slope of the bands. When we plot
the electric field component (Ez) of TM states and magnetic
field component (Hz ) of TE states at normalized frequency of
a/λ = 0.295 and θ = 45◦, different field distributions can be
seen, as shown in Figs. 3(a) and (b), respectively. As can be
observed from Fig. 3(b), mode energy for TM polarization is
concentrated at the corners of the rectangular holes that are clos-
est whereas the same types of energy profiles plotted for TE case
in Fig. 3(a) indicate that field concentrates at the distant corners
of the air holes. Consequently, TM polarization becomes more
sensitive to the orientation of the unit-cell element and IFCs of
TM states turn out to be tilted compared to TE polarization ones.
The orientation sensitivity of TM polarization can also be asso-
ciated with the dispersion diagram as represented in Fig. 2(c).
The selected normalized frequency is close to the TM band edge
at the Γ point compared to the TE mode that has larger slope.
It is known that small group velocity indicates the presence of
slow light propagation. As a result, strong light interaction with
the structured material is expected. This can explain the sen-
sitive response of TM mode for the orientation of rectangular
holes.

Fig. 4. Impact of rectangular air hole rotation (θ) on the contour inclination
angles of both TM (βTM ) and TE (βTE ) polarization states at normalized
frequency a/λ = 0.300. When θ = 45◦, inclination angles equal to βTM =
6.507◦ and βTE = 0.983◦ for TM and TE polarizations, respectively.

Fig. 4 shows the dependence of contour inclination angles
βTM for TM polarization (indicated as blue colored circular
markers) and βTE for TE polarization (indicated as orange col-
ored square markers) states with respect to the angular orien-
tation θ of the rectangular air holes. The corresponding figure
also shows the visual representation of air hole orientation cases
which corresponds to specific θ values of an a × a unit-cell ele-
ment. In order to calculate the inclination angles (βTM and βTE )
within the interested frequency region, gradient of scalar IFC
distributions was obtained numerically for different θ unit-cell
rotation angles. Extracted gradient vector fields show the prop-
agation direction of light and by measuring the angle between
gradient vector and the reference kx -axis (ky = 0), inclination
angles were calculated in the vicinity of a/λ = 0.300 contour
lines. Inclination variation of TM contour curves gives a sinu-
soidal response while tracing θ parameter from 0° to 180° in
counterclockwise direction and βTM takes its maximum value
at θ = 45◦. Differently from TM polarization, TE contours are
not affected much by the rotation of rectangular air holes and
βTE almost equals to 0° where small changes can be ignored
comparing to βTM . While changing the orientation of individ-
ual PC cell, the highest polarization separation angle has been
obtained when the orientation angle of PC unit-cell element lies
within the interval of θ = 40◦ − 50◦. When θ = 45◦, βTE and
βTM values are equal to 6.507° and 0.983°, respectively, as in-
dicated in Fig. 4. For angles larger (or lower) than θ = 45◦, it
is observed that the obliqueness in TM IFC curves reverts back
to its square-like shape [see Fig. 2(a)] which can be confirmed
by the sinusoidal changing manner of the TM inclination angle
βTM in Fig. 4. In accordance with these results, we fixed the unit-
cell element orientation angle for our PBS device as θ = 45◦ to
achieve the highest polarization splitting performance.

The inspection of the band diagrams allows the identifica-
tion of modal characteristic of the propagating light. The de-
signed structure operates as a single mode in the Г-X prop-
agation direction for both TM and TE polarizations at the 2nd

bands in the operating frequency intervals a/λ = 0.185 − 0.320
and a/λ = 0.213 − 0.347, respectively, see Fig. 2(c). Thus,
the modal dispersion due to multi-mode propagation within
the same interval is inhibited. Since, we are inspecting po-
larization splitting behavior of the PC structure, transmission
amount of light as high as possible is desired. For this reason,
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Fig. 5. Spatial intensity distributions for (a) TE and (b) TM polarizations at the normalized frequency a/λ = 0.295. Intensity with respect to different normalized
frequencies of (c) TE and (d) TM polarization states at the output ports of the proposed structure. Dashed white lines in (c) and (d) indicate the intensity distribution
at normalized frequency a/λ = 0.295.

transmission coefficients of the simple low-symmetric PC (with-
out introducing input and output ports) for both polarizations are
calculated by using finite-difference time-domain method [25]
and represented in Fig. 2(d). As can be observed from Fig. 2(d),
at self-collimating frequencies, high transmission efficiencies
over 70% are obtained for both TM and TE modes without
any help of an index-matched intermediate layer. Nevertheless,
proper anti-reflection coating structures [26], [27] can be placed
at the input/output interfaces of PC layer in order to stabilize the
performance of the proposed device by reducing Fabry-Pérot
oscillations at the operating frequency interval.

III. DISCUSSION: EVALUATION OF NUMERICAL RESULTS

Time domain calculations have been employed in order to in-
vestigate the polarization splitting feature in our proposed low-
symmetric PC device. Computational domain is surrounded by
perfectly matched layers in order to eliminate back reflections
and the mesh size is fixed to Δx = Δy = a/32. The dimensions
of the low-symmetric PC based PBS configuration is set to be
[Lx , Ly ] = [46.4 μm, 12.4 μm]. The designed PBS structure is
excited with a continuous source with spatial size of 3.68 μm
operating at normalized frequency of a/λ = 0.295 and the cor-
responding spatial intensity field distributions for both TE and
TM polarizations are represented in Fig. 5(a) and (b), respec-
tively. Because of the tilted self-collimation phenomenon in TM
polarization, a beam spatial shifting in the lateral y-direction
emerges inside the PBS structure as shown in Fig. 5(b). On
the other hand, the incident beam propagates straight along x-
direction with near zero diffraction due to emerged conventional
self-collimation effect at the 2nd band of TE polarization, see
Fig. 5(a). These conditions provide spatial separation of inci-
dent beams into two different polarizations at the output of the
low-symmetric PC structure.

To better estimate the channel arrangements for the polar-
ization splitting application, the vertical field intensity cross-
sections of output beams are superimposed for different incident
sources operating at frequencies between a/λ = 0.280 − 0.310
for both TE and TM polarizations as shown in Figs. 5(c) and (d),

Fig. 6. (a) Operational diagram of the proposed PBS device with output
channels CH1 and CH2. (b) Transmission efficiencies at CH1 (TE-port) and
CH2 (TM-port). (c) PER curves at the CH1 and CH2 ports.

respectively. As can be clearly observed from these figures, the
incident beam almost directly propagates inside the PBS within
the frequency range of a/λ = 0.288 − 0.305 for TE polariza-
tion [Fig. 5(c)] whereas deflection of the incident beam occurs
and lateral shift increases for TM polarization as the frequency
increase from a/λ = 0.286 to a/λ = 0.300, see Fig. 5(d).

Output channel transmissions as well as extinction ratios
should be in adequate level for efficient PBS applications. The
designed low-symmetric PBS structure is excited by an unpo-
larized Gaussian pulse centered at the wavelength of 1.550 μm
with a bandwidth of 0.20 μm. Due to inherent dispersive charac-
teristics of the proposed PBS system, TE and TM polarizations
are being divided while propagating through the PC medium so
that a channel separation for different polarizations is achieved
at the output ports, as can be seen by the spatial intensity dis-
tribution provided in Fig. 6(a). The upper and lower adjacent
output channels are denoted as channel-1 (CH1) and channel-2
(CH2) with the same widths of 4.7 μm and channel spacing is
1.23 μm between them. The calculated transmissions as well
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as extinction ratios for TE and TM polarizations are plotted via
dashed-red and solid-blue lines, respectively in Figs. 6(b) and
6(c). In Fig. 6(b), transmission efficiency curves are calculated
between the wavelengths of λ = 1.450 − 1.650 μm with their
equivalent normalized frequency values from a/λ = 0.279 to
a/λ = 0.317. The polarization splitting feature of the proposed
device covers the wavelength interval of λ = 1.533 − 1.586 μm
with an operating bandwidth of 53 nm. As it can be seen from
the same figure, in the range of optical C-band wavelengths
(1.530–1.565 μm), maximum transmission efficiency at the CH1
port exceeds 85% and for the CH2 port it moves beyond 76%.
Thus, the results show that the proposed PBS device has an
acceptable transmission value to use in optical communication
applications. Moreover, the transmission values for both chan-
nels can be increased by exploiting a suitable index-matching
layer to the entry and exit surfaces of the PBS device as a further
development.

Aside from the transmission efficiency described above (also
known as insertion loss), isolation of polarization states is an-
other important factor that greatly affects the performance of
a PBS photonic device. PER can be defined as a ratio of the
output transmissions between the desired and unwanted polar-
ization states at an output channel. The PERs at each output
channel of the presented device are calculated in dB scale by
the following equation.

PERCH# = 10 log10
Tdesired

Tunwanted
, (1)

where, Tdesired is output transmission of the requested polariza-
tion state and Tunwanted is output transmission of the unwanted
polarization state at a channel. For example, if we want to cal-
culate the PER curve at CH1, Tdesired and Tunwanted variables
turn into transmission efficiencies of TE and TM polarized light,
respectively. In Fig. 6(c), extinction ratio curves at the output
of CH1 (dashed-red) and CH2 (solid-blue) are plotted within
the wavelength interval of 1.450–1.650 μm and corresponding
normalized frequency values are shown as in Fig. 6(b). In the
C-band range, the results indicate that PERCH1 and PERCH2
values are greater than 21.01 dB and 16.00 dB, respectively.
At λ = 1.550 μm, PERCH1 = 23.64 dB, PERCH2 = 18.00 dB
and the transmission efficiencies are 84% and 73%, respectively,
which means that this homogenous PBS design may be utilized
in silicon PICs for optical communication applications.

Apart from the proposed PC structure, additional calculations
were conducted for PC unit-cells with different geometries in
order to determine their polarization splitting capability. It is
concluded from the performed numerical calculations that the
polarization splitting characteristic can be obtained from C2
symmetric PCs with any geometries such as elliptic, crescent,
concentric and rhombic PCs. Nevertheless, the best case among
the inspected ones is observed for the rectangular PCs case in
terms of polarization splitting performance (TE and TM sepa-
ration), which was the reason for choosing rectangular PC unit
cell for PBS application.

Robustness of the proposed PBS concept is another important
factor and it should be analyzed in case of structural imperfec-
tions which can be caused by possible fabrication defects/errors.

Fig. 7. (a) Visual explanation of corner truncation ρ and close-up repre-
sentations of two imperfection states (ρ = 13.8 nm, ρ = 23 nm) and a perfect
fabrication case (ρ = 0 nm). Resultant filling ratios (F) and their percentage
changes (ΔF) are also included. Impact of corner truncation on (b) transmission
efficiencies and (c) PER values are plotted for output ports CH1 and CH2 at
λ = 1.550 μm.

In general, perfectly sharpened corners of unit-cell elements
(e.g., rectangular shaped rods or holes) are difficult to produce
which require precise and high-resolution fabrication process.
Aside from the fabrication technique, maintaining the sharpness
of these shapes is another challenging point that may affect the
operational characteristic of the device adversely. To analyze
the durability of the proposed PBS structure within this scope,
rectangular air holes of the unit-cells are deformed purposely
to mimic fabrication and usage imperfections by introducing
some level of truncation amount ρ to the sharp inside corners
of air holes. Fig. 7(a) shows two selected visual representa-
tions of these corner deformations and a perfect fabrication
case (when ρ = 0) together with corresponding air filling ratios
(F) and percentage change in filling ratios (ΔF). Here ΔF pa-
rameter can also be assumed as an error percentage because it
shows filling area alterations of rectangular air holes and indi-
cates the percentage of error in terms of the structural filling.
In order to check the polarization splitting performance of the
proposed device, transmission efficiencies and PER values are
measured in each 4.6 nm step of ρ parameter until it equals
to 23 nm. Fig. 7(b) represents the impact of imperfections on
transmission at CH1 (TE) and CH2 (TM) output ports of the
device when λ = 1.550 μm. The given graph demonstrates that
transmittance at each exit port does not change much with the
increase of structural deformation factor. For instance when we
truncate the corners of rectangular air holes by ρ = 13.8 nm as
represented in Fig. 7(a), air filling ratio reduces by ΔF = 2%
with a resultant value of F = 0.1764. In this condition, CH1
transmission covers its value around %84 while the transmis-
sion at CH2 drops from 72.87% to %70.23 at λ = 1.550 μm.
For the other case in the same figure, truncation is raised to
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ρ = 23 nm with an increased value of ΔF = 5.5% (F =
0.1700). Therefore, transmission efficiency of CH1 maintains its
value above %84 while CH2 declines to 67.35%. These results
show that the PBS design is robust enough in terms of the trans-
mission performance although the structure is exposed to high
level of error percentages (e.g., ΔF = 5.5%) comparing to the
perfect case. Aside from transmission efficiency, imperfection
influence on PER values is another criterion that determines the
durability of polarization isolation at output ports of the PBS
device. For this reason, relation between the structural defor-
mations and PER values at each output channels is plotted in
Fig. 7(c) for λ = 1.550 μm. Given figure shows that truncating
corners and consequently reducing the F factor induces degrada-
tion in PERCH1 and PERCH2 values as expected. For instance,
when fabrication error percentage is ΔF = 5.5% (ρ = 23 nm)
with reduced filling ratio of F = 0.1700, PERCH1 decreases
from 23.64 dB to 18.84 dB while PERCH2 is exposed to a
reduction from 18 dB to 17.84 dB. According to these find-
ings, it is revealed that PERs stay above 17 dB at both output
ports even if the fabrication error ratio reaches high levels like
5.5%. As a result, one can conclude that the above given inves-
tigations indicate that proposed PBS configuration is robust to
possible fabrication imperfections. Furthermore, the proposed
PBS device is feasible with precise dimensions by the help of
state-of-art SOI technology [28].

In the design and fabrication processes, selection of dielec-
tric material is an important step for photonic devices. Although
the utilized material in the PBS device has a dielectric constant
of εb = 9.61, different materials with higher refractive index
(e.g., εb = 12) such as Si may also be used as an alternative
background medium because low-symmetric PC configurations
still maintain their anomalous dispersion properties even for
different composing materials. This property indicates that the
operating principle of the proposed device is robust to permittiv-
ity change. Thus, different materials with interested transparent
spectral intervals can be utilized to design the proposed PBS
device.

It is also essential for the proposed self-collimation based
PBS concept to compare with other polarization splitting mod-
els in terms of the performance and structure properties. Recent
approaches in PBS designs are mainly focused on directional
couplers (DCs) [29]–[36], ring resonators [37], [38], multimode
interference couplers [39], [40], band-gap feature of PCs [41]
and pixel based devices [42]. Among them, DC configuration
is the most common concept that is used to separate beams
into two orthogonal polarizations by utilizing different coupling
lengths for TM and TE polarization states. However, DC based
PBS structures are mostly lack of polarization isolation at out-
put ports because of the close interaction between two adjacent
waveguides. On the other hand, the presented PBS structure is a
non-DC device and one can easily isolate distinct polarizations
due to diffraction free light propagation inside photonic medium.
To the best of the authors’ knowledge, the tilted self-collimation
effect is exploited for the first time in PBS realization. We should
note that conventional (non-tilted) self-collimation based other
PBS devices exist in the literature and they should be analyzed to
compare with our presented concept. Previous studies that based

on conventional self-collimation [17], [43]–[45] are in need of
additional band-gap structures (to reflect back one polarization
and transmit the other one through exit ports) because con-
ventional self-collimation is incapable of polarization splitting
when it is used as stand-alone. Necessity of reflective struc-
tures makes these PBS devices more challenging in design and
production processes because of the structural non-uniformity
and requirements to find suitable band-gap materials in desired
frequencies. Furthermore, possible fabrication imperfections in
these additional structures affect their band-gap characteristics
adversely. Therefore, performance of these devices is decreased
due to deformed periodicity of the assistant band-gap materials.
On the other hand, the proposed low-symmetric PBS device
does not need a splitting assistance because polarization sep-
aration ability originates from its own dispersion relation and
therefore structure remains uniform in fabrication and usage
processes. Moreover, nonuse of reflection interface has another
advantage that output beams are in the same horizontal direc-
tion whereas conventional self-collimation based PBS devices
split two polarizations into different directions. This property
makes low-symmetric PBS configuration feasible and easy-to-
use while integrating devices to the photonic circuit.

IV. CONCLUSION

In conclusion, we have proposed and numerically demon-
strated a novel concept of PBS photonic device by using the po-
larization sensitive self-collimation behavior of low-symmetric
PCs. The designed structure is 46.4 μm × 12.4 μm in size and
made of all-dielectric homogenous periodic medium which sep-
arates two orthogonally polarized modes with its own unique
dispersion property. Moreover, the designed PBS device does
not need additional splitting assistance or any line defect in
order to control the propagation direction of polarized beams
inside the structure. Due to the self-guidance of light inside
the structure, high PERs are obtained for both TM and TE po-
larization states at the optical communication wavelengths. At
λ = 1.550 μm, TE (TM) port has an acceptable transmission
efficiency 84.1% (72.87%) with high PER around 23.64 dB
(18 dB) and operating bandwidth is 53 nm. With these ad-
vantages, low-symmetric PC based PBSs can be used in many
applications which require the separation of light polarizations.
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