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Proposal and Analysis of an Ultrashort Directional-
Coupler Polarization Splitter with an NLC
Coupling Layer

Kuen-Cherng Lin, Wei-Ching Chuang, and Wei-Yu Lee

Abstract— We propose a mnovel and high-performance
directional-coupler polarization splitter using nematic liquid
crystal (NLC) as the coupling layer. The beam propagation
method is used to investigate the propagation characteristics of
the device under various conditions. Results of the numerical
calculation relevant to the design conditions are presented.
Because of the large birefringence of NLC, a very short device
length of 140 1m is achievable at a high extinction ratio of 28 dB.

1. INTRODUCTION

N the optical fiber communication, TE/TM polarization

splitters are essential components of the polarization di-
versily receiver in the coherent delection system [1]. Various
types of optical polarization splitters have been reported in
literature [2]-{14]. As for the guided-wave version, these
devices can be classified into two categories: the Y -branched
waveguide type [2]-[7], which relies on the mode sorting
effect, and the directional-coupler type [8]—[14], which utilizes
the polarization-dependent coupling effect to separate the TE
and TM waves. Essentially, the former has both a large
scattering loss at the branching point and a long device length.
On the other hand, the latter has received particular attention in
recent times [ 10]-{14] due to its high extinction ratio and low
insertion loss. A disadvantage of such a kind of polarization
splitter, however, is that a long coupler length (>3 mm,
typically) is required. It can be overcome by introducing a
material with a large polarization-dependent refractive index.
For this reason, most of the polarization splitting devices were
made with highly birefringent materials such as LiNbO3; and
{II-V semiconductor compounds [2], {41, 7], [10]-{12], [14].
However, the technologies for fabricating polarization splitters
in such materials are complex. Consequently, there still exists
no compact polarization splitter that is simultaneously char-
acterized by a high extinction ratio (>25 dB), a short device
length (<0.5 mm), and an easy fabrication technology.

Recently, liguid crystal materials have been used suc-
cessfully in the application of optical guided-wave devices
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[15]-120], including optical switches [17], [20], stabilizers [18]
and modulators [15], due to the large birefringence and electro-
optic coefficients inherent in various kinds of liquid crystals. In
this paper, we propose a novel directional-coupler polarization
splitter which consists of two identical glass waveguides
separated by a nematic liquid crystal (NLC) layer. It is ex-
pected to be easily produced by the well developed fabrication
technologies for the ion-exchanged glass waveguide and the
liquid crystal display (LCD). The beam propagation method
(BPM) is used to investigate characteristics of the device
including coupler length, extinction ratio, and throughput loss.
The simulation results show that a device length as short as
140 pm is achievable at a high extinction ratio of 28 dB.

This paper is organized as follows. In Section II, we discuss
the operating principle of the directional-coupler polarization
splitter in terms of the normal modes of the structure and
describe the characteristics of the NLC for application in
the device. The finite-difference BPM is outlined in Section
L. The numerical results for various device parameters are
also presented and discussed in the same section. Finally, we
conclude the results of this study in Section IV.

11. DEVICE CONCEPT

Fig. 1(a) shows schematically the proposed directional cou-
pler structure with polarization splitting characteristics. The
device consists of two slab waveguides which are deposited
upon two glass plates by ion exchange. An intermediate NLC
layer separates the upper guide from the lower one. In this
configuration, only the TE polarization experiences power
transfer between the two waveguides, while the TM polar-
ization passes straight through the original waveguide. The
splitting operation is achieved by virtue of a large polarization-
dependent refractive index of the NLC layer.

For compatibility with single-mode fiber systems, the
waveguides are assumed to be mono-mode and the wavelength
A = 1.55 um. The directional coupler supports two normal
modes for each polarization, namely, two even and two
odd TE and TM modes. These modes, with different phase
velocities, interfere with each other as they propagate along
the waveguide, causing the energy to transfer back and forth
between the two waveguides. A directional coupler transfers
power from one guide to the other in a coupling length
L. = 7/Ap, where A = Peven — Boda is the difference
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Fig. 1. (a) The schematic diagram ofthe proposed directional-coupler polar-
ization splitter, which is composed of a pair of glass waveguides with an
intermediate layer of nematic liquid crystal: the upper plot shows the top
view of the whole device, while the lower one is the cross-section view in
the coupling region. (b) The corresponding refractive index profile in the
coupling region.

between the propagation constants of the two normal modes.
The expression is well known in the coupled-mode theory
[21]. For the crossover state operation, the device length L4
is an odd multiple of L.; but for the straight-through state
operation, Ly is an even multiple of L.. In the polarization
splitting directional coupler, it is supposed that the TE mode
operates in the crossover state and the TM mode in the
straight-through state; hence,

LT® = (2m — D)7 /ABrs ()

and

LM = 2n7 /AP 2
where Afrg and AfST\ are propagation-constant differences
between the even and odd normal modes for TE and TM po-
larizations, respectively, and both m and n positive numbers.

For the design of a polarization splitter, it is required that,
by launching both TE and TM polarizations at the same input
port, the device is capable of separating the two polarizations
at different output ports. Combining the criteria (1) and (2)
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for the two polarizations, a minimum device length can be
derived as

Ly =7/(ABrE — ABTM). 3)
From the above equation, in order to achieve a minimum
device length, we can design a structure that maximizes the
difference between Afrg and Afry.

The device behaviors are significantly affected by the or-
dering state of the liquid crystal molecules, which can be
controlled by rubbing the waveguide surface or applying an
electric field. In the case of positive dielectric anisotropy NLC
(Ae > 0), if the molecular axis is aligned along the direction
parallel to the waveguide surface and has a pretilted angle 6
to the light propagation, as shown in Fig. 2(a), then the TE
and TM modes experience the indexes [22]

TE Mo " Ne

nie = (4a)
\/nz sin® @ + n2 cos? §
and
nih = n,, (4b)

respectively, where n, and n. are the ordinary and extraor-
dinary refractive indexes of the NLC, respectively. Fig. 2(b)
illustrates the nf& and ni} as a function of the pretilted
angle . Around # = 90° the difference between nfE and
nt reaches the maximum and ni& is almost independent of
the values of §. This range is more preferable in the process of
rubbing, because small variations of ngg have little influence
on the device performance.

The corresponding refractive index profiles of the proposed
directional coupler are shown in Fig. 1(b). Because niE is
larger than the refractive index of the waveguides n, (ni& >
ng > ng), the TE mode is expected to experience strong
coupling between two waveguides. However, the coupling
effect can be neglected for the TM mode since nE is much
smaller than ny (ng > ns > nf}). Thus, the presence of the
NLC layer brings about a very large difference in the AF’s of
both polarizations, i.e., AfBrg > Afrm. Now if the coupler
length is chosen to be the coupling length of the TE mode, we
would have the TM mode in the original waveguide and the
TE mode in the other waveguide.

Fabrication of the proposed device can be implemented
by following the procedure as described in [17], [19], [23].
The process includes ion-exchanging glass substrates (to form
the waveguides), rubbing the substrate surface (to perform
the LC molecular alignment), spacing and sealing the two
substrates (to build the LC cell), and injecting the LC into
the cell. The thickness w and refractive index n, of the two
waveguides can be well controlled by timing the ion-exchange
process [24], while the NLC layer thickness is controlled by
the spacer (diameters of 2, 3, 4, 6, and 8 um are commercially
available). The particular fabrication method used to fabricate
LC integrated-optics devices makes the vertically multilayered
structure and, thus, high-density integration possible.

The performance of the polarization splitter is characterized
by the extinction ratio, which is defined as the ratio of the
optical power of the unwanted polarization state to the total
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Fig. 2. (a) The oriention state of NLC, assuming that the molecular axis

is aligned along the direction parallel to the waveguide surface and with a
pretilted angle 8 to the light propagation. (b) The effective indexes seen by
the TM and TE modes as a function of the pretilted angle 6: the solid and
dotted lines correspond to the nEg and ngé}/ , respecftively.

optical power in the output waveguides

pre
ERtTg = —10-1 —_—— 5
TE Og<P1TE + PJTM) ( a)
pye
ERtM =101 e 5b

where P denotes the fractional power of the TE polarization
in waveguide 1 at z = L4, and similar definitions are also
applicable to the Py'E P and Py™. Moreover, the excess
loss of the device can be defined as

PTE
ELtg = —10-log (%E‘) (5¢)

k2

PTM

where P"F and P™ are the input power of the TE and TM
modes, respectively.
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TII. ANALYSIS

A. Numerical Method

In the proposed structure as shown in Fig. 1, the large
refractive index of the intermediate layer (ni& > ny > n,)
is predicted to build up a strong coupling effect. However,
the conventional coupled mode theory fails to work for such
a structure. In order to solve the problem, we use the beam
propagation method (BPM) to calculate the propagation char-
acteristics of the polarization splitting directional coupler.
The BPM has been studied extensively and has proven to
be a powerful tool in analyzing optical guided-wave com-
ponents. For the sake of simplicity, weekly guiding and
weakly polarization-coupling conditions are assumed in our
case; thus, the vectorial wave equation can be reduced to the
scalar equation without loss of its generality. The FD-BPM,
as proposed by Chung and Dagli [25], is employed in our
calculations and outlined as follows. Assuming that the waves
propagate in the z-direction and under the paraxial limit, we
get the paraxial wave equation

2
2jkno—z =gzt k*{n*(z,z) — n§ (6)

where ¢ denotes F, for the TE wave and H, for the TM
wave. The optical field ¢ is characterized by the free-apace
wave number k& = 27/X in a medium with a refractive
index distribution n(z, z). In FD-BPM, the finite difference
approximation yields

—a-pi1(z+02) +b-Pi(z+82) —a i (z+ 62)

=a-Pi—1(2) +b-Yi(2) —a-Pip(2) (7
where
bz
a = W (821)
bz bz .
b= pon 7}(}2 [n2(z + 62) — nd] + 2jkno  (8b)
oz 0z o .
c=-v3 + gkﬁ [n?(z) - ng] + 2jkno (8¢c)

dx denotes the spacing between sampling points transverse
to the propagation direction, and §z denotes the size of each
propagation step. This tridiagonal system of linear equations
can be solved by the simple matrix operations.

Using the method described above, we can calculate the
characteristics of waveguide devices with different refractive
indexes, geometry, and polarization-dependence. Our aim is to
determine the coupler length, extinction ratio, and throughput
loss of the polarization splitter. In our calculation, dz is 0.2,
6z is 0.3\, and the initial field excited at the input port of
waveguide 1 is assumed to be the fundamental mode of the
waveguide structure: npc = ns = 1.512,n, = 1.526, and
w = 3.52 pm.

B. Simulation Results

To show the applicability of the concept of the polariza-
tion splitter, we carried out numerical calculations for the
directional-coupler configuration (see Fig. 1), which was made
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The dependence of propagation-constant differences between the two normal modes on T': the solid and dotted linescorrespond to the Afrg and

AfTM, respectively. The waveguide parameters are 71[15 = 1.530, ngé‘{' = 1.380, ng = 1.526. ny = 1.512, and w = 3.52 pm.

of a pair of glass waveguides with an intermediate layer of
nematic liquid crystal (NLC GR-3B, CHISSO, n, = 1.38
and n. = 1.53). Our purpose was to use these numerical
results to design the device and optimize its performance.
We computed the propagation constants of the even and odd
normal modes of the structure for both the TE and TM
polarizations as a function of the thickness 7" of the NLC layer.
The dependence of propagation-constant differences, Afrg
and AfBrwm, between the two normal modes on 7 is shown in
Fig. 3. The waveguide parameters are nig = 1.530,nfd =
1.380,n, = 1.526,n, = 1.512, and w = 3.52 um. As
T increases, both Afrg and Afry decrease, and thus the
coupling strength wanes. It is observable that Ay is smaller
than ABrg by two orders of magnitude for 7' > 1.6 pm, yet
by three orders for T > 2.6 um. In the proposed configuration,
the polarization splitting operation is based on the polarization-
dependence of coupling length, which is one of the important
considerations in designing a directional-coupler device. From
(3), the device length of the polarization splitting directional
coupler can thus be approximated by Ly = 7/Apfrr for
T > 2 pm. As a consequence, Ly depends on the thickness T
and the index ngg of the NLC layer as well as the thickness w
and the index n, of the waveguide layer. Below we illustrate
the dependence of L4 on the waveguide parameters by fixing
the values of w and n,.

The first factor which determines L, is the index nf& of
the NLC layer. Fig. 4 shows the calculated device length as
a function of n& for various NLC layer thickness, assuming
that n, = 1.526 and w = 3.52 pm. An increase of ni&
from 1.510 to 1.530 will reduce the required device length
from 4700 to 170 ym for 7' =5 pm and from 600 to 140 yum
for T' = 2 pm. Ly also depends on the NLC layer thickness
T and the refractive index ny of the waveguides. Assuming
again that w = 3.52 pm and choosing nfg to be 1.530, we
illustrate the influence of 1" on the device length L4 calculated

TABLE 1
THE TRANSMISSION CHARACTERISTICS OF THE DIRECTIONAL-COUPLER
POLARIZATION SPLITTER FOR DIFFERENT NLC THICKNESS 1. THE
DATA ARE CALCULATED FOR THE WAVEGUIDE PARAMETERS:

nfE =1.530.nM = 1.38,n, = 1.512,n, = 1.526, AND w = 3.52 um
Sample Coupler Transmission (dB)
Number ™ length (um) TE (WG 1) TE (WG 2) TM (WG 1) TM (WG2)
1 1.506 703.5 24.10 0.09 0.26 27.59
2 1512 483.0 21.75 0.04 0.17 26.83
3 1.518 3116 23.12 0.13 0.08 25.03
4 1.524 188.6 11.67 087 0.18 25.47
5 1.530 1393 30.31 0.21 0.03 2761

for ny = 1.524 and 1.526 in Fig. 5. In contrast to the influence
of ni&, the NLC layer thickness can reduce the device length
by decreasing the value of 7T'. Note that there are significant
variations in L4 with the change in the value of ni& and 7.
The reason for the above-mentioned phenomenon is that as
a larger fraction of the modal field distribution is extended
into the NLC coupling layer, a stronger coupling can be
obtained.

Propagation characteristics of the polarization splitter are
calculated by the BPM, which gives a unified treatment
of guided and radiation modes of a waveguide structure.
The effects of radiation, which is present at the input and
the geometrical variations, can degrade the extinction ratio
significantly [26]. The BPM calculation includes the effects,
which are not included in the coupled-mode analysis. In our
characteristic analysis, the output power of the mode fields
was evaluated by the fractional power confined in the WG1
and WG?2 regions [see Fig. 1(b)]. It is reasonable due to the
proportional relations of the field power in the characteristic
parameters as defined in (5a)-(5d). Calculation results for
different NLC thickness 7" are listed and compared in Table .

The data are calculated for the waveguide parameters: ni& =
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Fig. 5. The influence of T" on the device length L, calculated for ny = 1.524 (dotted line) and 1.526 (solid line) with w = 3.52 pm and nffé = 1.530.

1.530, niM 1.38,n, = 1.512,n, = 1.526, and w
3.52 pm. An unpolarized light is launched into waveguide
1. Note that although the L, is minimum in the case of
T = 1 pm, the extinction ratios are lower than 20 dB. From
the point of view of the device application, a high extinction
ratio is necessary for a polarization splitter to be utilized in
the optical coherent communication. Therefore, the case of

T = 2 pm is preferable. Furthermore, Table II tabulates
the transmission characteristics of the coupler for different
nEE. As indicated in the table, the maximum extinction ratios
ERtr = 29 dB and ER1yy = 28 dB, and the shortest device
length, Ly = 140 pm, can be obtained simultaneously in the
case of nf& = 1.530. Under the circumstances, the excess
losses for TE and TM modes are 0.2 and 0.06 dB, respectively.
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TABLE II
THE TRANSMISSION CHARACTERISTICS OF THE DEVICE FOR
DIFFERENT ni&. THE DATA ARE CALCULATED FOR THE
SAME WAVEGUIDE PARAMETERS AS USED IN TABLE I

Sample Coupler Transmission (dB)
Number T (um) length (um) TE (WG 1) TE (WG 2) TM (WG 1) T™ (WG2)
1 1 129.7 14.67 0.40 0.35 16.74
2 2 139.5 29.39 0.21 0.06 28.02
3 3 150.2 21.86 0.37 0.56 28.50
4 4 15%.0 20.13 0.40 0.26 29.02
5 5 168.8 23.11 0.38 0.26 35.51

From the above calculations, the case of 77 = 2 um and
nig = 1.530 appears to be the optimum parameters for
the polarization splitting directional coupler with the other
waveguide parameters n, = 1.526,n, = 1.512, and w =
3.52 pm. Propagating behavior of this polarization-splitting
device was simulated and is shown in Fig. 6. The solid, dotted,
dot-dashed, dashed lines represent the power evolution of
the PTE, PFE PIM and Pf™ along the directional coupler,
respectively. The TE mode moves back and forth between the
two waveguides, while the TM one passes straight in the orig-
inal waveguide. It is observable that a device length as short
as 140 um is possible. To our knowledge, this is the shortest
device length among all kinds of polarization splitters reported
so far. Furthermore, the field evolution along the directional
coupler is illustrated in Fig. 7. The incident TM mode emerges
from waveguide 1, while the TE mode from waveguide 2. The
small perturbation in the field evolution as shown in Fig. 7(b)
is inferred from the abrupt change of boundary conditions at
the interface between the input access waveguide region and
the coupler region. Accordingly, the expected operation of a
polarization splitter is achieved with high extinction (>28 dB).
Although the overall device may be bulky due to the use of
the NLC layer, the vertically multi-layer structure still offers
the possibility of high-density integration.

IV. CONCLUSION

We have proposed a novel and high-performance polariza-
tion splitter by virtue of the large birefringence of the nematic
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Fig. 7. The BPM simulated field evolution along the directional coupler of
(a) TE mode and (b) TM mode.

liquid crystal. By using the beam propagation method, charac-
teristics of the polarization splitter were analyzed. Results of
numerical calculation predicted polarization splitting behaviors
with a device length as short as 140 um and extinction ratios
of 29 dB and 28 dB for the TE and TM modes, respectively.
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Due to the well-developed fabrication technologies of the
ion-exchanged glass waveguide and the liquid crystal display
(LCD), our proposed directional-coupler polarization splitter

can

be implemented in the near future.
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