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Abstract: This paper presents the device design and performance analysis of a novel design
of planar optical cross-connect (OXC) using nematic liquid crystal (NLC) waveguides. It
employs N x N switching matrix in cross-bar fabric. In each unit cell, the input light is set in
either the transverse electric (TE) mode or the transverse magnetic (TM) mode by electrically
reorienting the NLC in the waveguide. The light then enters a passive waveguide and is
routed to different paths depending on the polarization state (TE/TM mode). A sample device
of 8 x 8 OXC is analyzed for performance estimation, which predicts a maximum on-chip
insertion loss of 3 dB, an average cross-talk of —40 dB, ~1 ms switching time, and 2 mm x 2
mm footprint. The proposed OXC is unique in the switching mechanism of polarization-
dependent routing and allows non-blocking switching with high compactness and broad
bandwidth. It is potential for optical circuit switching in data centers and optical
communication networks.
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1. Introduction

Optical cross-connect (OXC) switch is one of the most important components in the optical
networks for telecommunication [1] and data centers [2—4], which alleviates the bandwidth
bottleneck [1] by avoiding conventional optical-electronic-optical (OEO) conversion.

Various OXC techniques have been proposed and developed, with most remarkably and
prevalently the free-space devices based on micro-electro-mechanical systems (MEMS) [5].
On-chip (planar) OXCs, which feature high compactness and easy integration, are also under
intensive study [6]. Some typical examples are those based on Mach-Zehnder interferometer
(MZI) optical switches [7], micro-ring resonators [8], semiconductor optical amplifier (SOA)
based optical switches [9], MEMS silicon photonic switches [10—12], and so on. The firstly
demonstrated MEMS silicon photonic switch [10] supports monolithic integration with 50 x
50 ports, and realizes sub-microsecond optical circuit switching (OCS) with around 28 dB
maximum optical insertion loss. The more recent device using vertical adiabatic couplers
presents remarkable on-chip insertion loss down to 3.7 dB (coupling loss of 12 dB) for 64 x
64-port switching [11]. As for nematic liquid crystal (NLC), the planar OXC was reported
using tunable total-internal reflection (TIR) interfaces in the NLC trenches [1]. However, the
requirement of high surface quality in the trench and the limited refractive index (RI) contrast
pose critical limitations to practical TIR NLC OXCs. The OXCs with superior overall
performances are still under exploration, in the aspects including scalability, switching speed,
optical loss, power consumption, robustness, durability and so on [6].

In this paper, a planar OXC solution is proposed based on polarization-dependent (PD)
routing in NLC (P-OXC for short). The P-OXC consists of a square array of unit cells in the
standard cross-bar fabric [1]. In each unit cell, the input polarized light first goes through an
electrically controllable polarization rotator to maintain/rotate the light polarization, which is
realized by the electrically-driven NLC reorientation in the NLC waveguides. It mimics the
free-space polarization rotator using twisted NLC with crossing alignment (so called twisted
nematic effect) [13—15], which is different from the other waveguide-based mode converters
[16—18]. Then the light enters a PD waveguide unit with the cores using the pre-aligned NLC
and the RI-matched material, in which the light path is determined by the light polarization
state. The combination of both enables the switching of input light to one of the two output
ports, corresponding to either the lead-in/lead-out state or the bending state. The unit cells
work together to form a non-blocking, planar, polarization-routed OXC system.

The proposed scheme of P-OXC is first illustrated in Section 2, and the device design is
then depicted in Section 3. The analysis and simulation of the device are presented in Section
4, followed by the discussions on practical issues in Section 5.

2. Proposed scheme

The scheme of P-OXC is sketched in Fig. 1(a), using a 4 x 4 design as the example for easy
illustration. The light beams are injected into the input ports (I}, I, ..., Iy in Fig. 1(a)) on the
left side, and they are then switched and delivered separately to the output ports (O, O, ...,
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Oy in Fig. 1(a)) located on the bottom side. In each unit cell, it either conveys the light beams
forward, or turns them into the perpendicular direction (see Fig. 1(c)).

As shown in Fig. 1(b), the unit cell consists of a five-layered structure. The waveguide
layer in the middle (yellow color) has the NLC filled into the chamber to form the waveguide
cores, sandwiched by two cladding layers (blue color) with alignment layers (light red color)
coated inside. The bottom cladding layers are patterned with CMOS circuits for electrical
driving, which is not explicitly shown here. The waveguide layer is patterned with polymer
cladding structure, metal electrodes and also the RI-matched bending core.

More details of the waveguide layer are sketched in Fig. 1(c). The waveguide crossing is
connected by two polarization rotators at the input port of lead-in waveguide and the output
port of lead-out waveguide, respectively. The waveguide tapers are applied to compress the
mode in the polarization rotators and to expand it at the crossing, in order to reduce both the
driving voltage and the crossing loss. The RI-matched core utilizes the material that has
polarization-independent but nearly the same RI as the extraordinary RI of NLC.

(b)

amPnas J24e

Input

Fig. 1. (a) The P-OXC is sketched, with the five-layered structure of the unit cell shown in (b).
The pattern of the NLC layer in the unit cell is shown in (c). Part I and Part II in (c) represent
the polarization rotator and the PD waveguides, respectively.
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Fig. 2. The working principle of polarization-dependent routing in a single unit cell, including
(a) the bending state and (b) the lead-in/lead-out state. The upper rows illustrate the paths of
the light in each state, while the lower ones present the mechanisms of polarization-dependent
waveguides. In the lower subfigures, the green dots stand for the NLC, the pink part for RI-
matching core, and the grey ones for the outer claddings.
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The working states of a single unit cell are illustrated in Fig. 2. If the incoming light is at
the transverse electric (TE) mode, the RI-matched core has the RI of #n,, while the NLC has a
lower RI of n, (ordinary RI). In this regard, the light is confined in the narrow RI-matched
core and propagates along the bending (see Fig. 2(a)). This is called the bending state. In
contrast, when the incoming light is at the transverse magnetic (TM) mode, it experiences the
same RI of n, in both the RI-matched core and the NLC. In this way, a broad straight
waveguide is formed using the RI-matched part and the NLC as the core and the outer part
(the RI n, < n,) as the cladding. The light thus propagates along the straight path as shown in
Fig. 2(b), corresponding to the lead-in/lead-out state. With these, the propagation direction is
purely dependent on the polarization state of input light. Thus, a passive switching is realized.

Another key component in the P-OXC is the in-plane polarization rotator (see I in Fig.
1(c)), which is electrically controllable to convert the light polarization between the TE and
the TM modes. As shown in Fig. 3, the mechanism of polarization rotation is to pre-align
vertically the NLC in the waveguide, and to then apply the gradient electric field to drag the
NLC gradually to the planar direction along the waveguide. It mimics the polarization rotator
in free space, which directly uses the twisted NLC that has the helical direction along the LC
cell thickness. When the Mauguin condition [15] is met, the polarization rotation is achieved
as explained in Section 4.

Vertical
Alignment %8 o e o
W T—>  Gradient
N - Electric Field
| “\ \ =
l} |
-

Light Wave
Fig. 3. The mechanism of the in-plane polarization rotator.
3. Device design

This section will elaborate the device design and the material choices, covering mainly the
layered structure, the PD waveguides and also the polarization rotator.

Table 1. Main properties of the materials in the sample device

Material ~ Permittivity (1 kHz) Refractive Index Optical Loss
5CB 7(L), 18 (/) [25] Ref [26]. (n.: 1.682, n,: 1.520 2 dB/cm @1550 nm [27, 28]
@1550 nm)
Al — Ref[29]. (1.44 - i16 @1550 nm) —
SiO, 3.91[31] Ref [29]. (1.444 @1550 nm) —
NOAS84 ~4* [30] 1.46 [22] ~1 dB/cm* @1550 nm [22]
RI-core ~12.5%* [23] 1.68 [23, 24] 0.5 dB/cm** @1310 nm [23, 24]

*Estimated for NOA84; **Estimated for the RI-core.

3.1 Layered structure

As aforementioned, there are mainly five layers in the proposed device (see Fig. 1(b)). The
cladding layers (blue color in Fig. 1(b)) are thin films of SiO, for the light confinement in the
vertical direction. As for the bottom cladding layer, the SiO, thin film is deposited on the
substrate with pre-fabricated CMOS circuit. The top cladding layer can use simply quartz or
SiO, thin film on silicon wafer. The alignment layers (light red color in Fig. 1(b)) are
deposited inside the cladding layers and provide vertical (homeotropic) alignment for the
NLC. Several materials have been used for the vertical alignment, including polyimide [19],
polydimethylsiloxane (PDMS) [20], liquid crystalline polymer (LCP) [21], etc. The LCP thin



Research Article Vol. 26, No. 1| 8 Jan 2018 | OPTICS EXPRESS 407

Optics EXPRESS

film with the thickness of 5 nm is adopted in our sample device, which can be fabricated
using the method similar to [21].The waveguide layer (yellow color in Fig. 1(b)) is the most
important functioning layer and is chosen to have the thickness of 1 pm. It is patterned to
have the polymer cladding structure, the metal electrodes and also the RI-matched bending
core (RI-core for short, see Fig. 2) using the materials of NOA84 [22], aluminum and
polymer [23] (or SiON [24]), respectively. The NLC in the design is 5SCB [13]. The main
material properties [22-31] are listed in Table 1. The RI models of 5CB is the extended
Cauchy equations [26]. The RI models of aluminum and SiO, in finite-difference time-
domain (FDTD) simulations are from Palik [29]. In the NLC orientation calculation, the
elastic constants are K;; = 6.4 pN, K>, =3 pN, K33 =10 pN [13].

3.2 Polarization-dependent waveguides

The design of the PD waveguides is sketched in Fig. 4(a). The main parts of the PD
waveguides are the waveguide crossing with the NLC-core (blue color), and the waveguide
bending with the RI-core (red color). The polymer NOAS84 (gray color), which has nearly the
same but slightly higher RI as SiO,, is applied as the waveguide cladding. Waveguide tapers
[32] are used between the polarization rotators and the PD waveguides for mode
compression/expansion.

The width of the RI-core is 2 pm, and the width of the NLC-core is 8 um. The radius of
the waveguide bending is 50 um, which has relatively low bending loss according to the
thumb of rules [33]. The waveguide crossings are 90-degree crossing, which largely suppress
the crossing loss and the cross-talk [7, 10]. In addition, two crossings are implemented at the
crossing points of the RI-core bendings and the NLC-core waveguides. These two crossings
help suppress the losses at these points with the 90-degree crossing condition.

It is noted that the NLC is pre-aligned vertically as aforementioned. In order to keep the
LC at the nematic phase, it is essential to control the working temperature of the device at
about 25 °C [13, 34]. The issue of RI mismatching between the Rl-core and the NLC will be
studied in Section 4.

() (b)

5
L l :

T

X

=<
Il
S

S

Fig. 4. (a) The pattern of the polarization-dependent waveguides. The blue portion stands for
the NLC, the red one for the RI-core, and the gray one for the NOAS84 outer cladding part. (b)
The pattern of the polarization rotator. The blue portion stands for the NLC, the red for RI-
core, the golden for Al and the gray for NOA84.

3.3 Polarization rotator in a NLC-core waveguide

The design of the polarization rotator in NLC-core waveguide is illustrated in Fig. 4(b). For
succinct illustration, the coordinate O-XYZ is applied. The position Y = 0 um is defined at
the dash line according to the center of the arc in Fig. 4(b).

The main structure of the polarization rotator is a NLC-core waveguide with the
symmetric electrodes on its both sides. At the output end of the polarization rotator, the RI-
core waveguide is connected directly to the NLC-core waveguide. For low-loss coupling, the
NLC-core waveguide and the RI-core waveguide has the same width of 2 pm. Each electrode
consists of a straight portion and two arcs, which are tangential to each other at the junction.
The straight portion is designed to cover both the NLC-core and RI-core waveguide in length,
which should be short enough to reduce the absorption loss. The bending angle of the two
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arcs is 0.472 rad. The radius of the arc adjacent to the straight waveguide is 11 pm, while the
radius of the other arc is 99 um. The width of the electrode is 2 um. The coplanar electrodes
are connected through vias to the CMOS circuit on the substrate (not shown in Fig. 4(b)).

To reduce the absorption of metal electrodes, the gap between the straight portions of two
electrodes should be large enough. Here it is designed to be 4 pm. The gap is determined by
the pre-calculation of the optical mode field in the NLC-core waveguide, whose width is
below 4 um with 99% power-in-the-bucket over the O band, the C band and the L band.

The curvy shape of electrodes enables to generate a gradually varying spacing and thus a
non-uniform electric field. The driving voltage is an AC sinusoidal wave of 35V and the
frequency of 1 kHz, which can avoid the electrolyze effect and the possible electro-
hydrodynamics (EHD) instabilities [35]. The driving electrode can be switched on and off
between 35 V AC and 0 V. The protrusion of the RI-core waveguide into the NLC waveguide
provides a stop for the NLC under electric field, and also minimizes the RI mismatching
between the RI-core and the NLC for the TE mode.

4. Simulations

With the above sample device, simulations and analyses will be carried out to estimate and
optimize the performance.

4.1 Theory and method

The NLC is commonly modeled as the composite of rod-like molecule in physics, and the
NLC of 5CB is uniaxial [13, 34]. The orientation of the molecule director can be defined by
the tilt angle 6 and the twist angle ¢ in the cylindrical coordinate, as shown in Fig. 5.

Fig. 5. Definition of the orientation of the LC molecule’s director using the tilt angle & and the
twist angle ¢.

Then, the director n can be thus written as

n = sin(6) cos(#)X +sin(8) sin(9)Y + cos()Z. (1)

In the NLC, the LC orientation configuration is pre-determined by the surface alignment.
Under an external electric field, a local torque is exerted on the LC molecule and rotates the
director, which in turn affects the local electric field. Based on the Oseen-Frank continuum
elastic theory [13, 34, 36], the existing configuration of the LC orientation satisfies the
minimization of total free energy F,,;, which is defined as the volume integral of free energy
density £, as given by,

F, =[] fudv = [[[ o+ fza7, @)

where f; composes of two terms in the presence of external electric field, namely the elastic
free energy f.;, and the electric-field free energy f.

The elastic free energy density depicts the local elastic deformation of the NLC as
follows,

I :%K” (V-n) +%K22 (n-Vxn) +%K33(n><Vxn)2, 3)
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in which Kj;, K5, and K33 denote the components of elastic constant, and the three terms
correspond to the three possible deformations of LC, namely splay, twist and bend,
respectively.

Regarding the electric-field free energy density, it describes the rotation of LC by the
locally applied electric force and can be formulated as

1 1 1 1 2
S :EED = —Ego [elE+Ag(E'n)n}E = —Ego‘eLE2 —Eger(En) , 4
in which E is the electric field and D is the electric displacement. The formulation can be
further expanded by applying the relation D = ¢E with the local permittivity ¢ as expressed by
the diagonal tensor

£= £ . (%)

The resulted formulation then consists of two terms — a director-independent term and a
director-dependent term with the dielectric anisotropy Ae =¢, —¢, [13]. As for the NLC

used in the P-OXC, the dielectric anisotropy is positive, and the LC director tends to be
parallel with the local electric field.

The local LC director rotation under a non-uniform electric field distribution is
complicated when the local permittivity of the NLC takes into account both low frequency
and optical frequency [36]. The local permittivity of the LC is defined as

£ +Aenn, Agenn, Aen_n,
e=| Aenan, & +Aenn, Aen.n, |, (6)
Aen n, Aen n, £ +Aen_n,

in which n = (n,, n,, n.).

The configuration of the NLC is calculated by minimizing the aforementioned total free
energy using the weak-form partial differential equation (PDE) solver in COMSOL. The
strong anchoring boundary condition [36, 37] is applied, with 8 = 0 and ¢ = 0 at the interface
between LC and alignment layer.

Besides the free-energy minimization, it is essential to consider the coupling between the
electric field and the LC director configuration [37]. To resolve the coupling problem, an
iteration scheme is applied for the complicated 3D models. It calculates in sequence the
electric field with the current LC director configuration, and then the next LC director
configuration with the average between the previous and current electric field. The iteration
stops when the RMS (root mean square) error between the previous and the current electric
field reaches 0.0001 of the driving voltage. The low-frequency (1 kHz) local permittivity
defined in Eq. (6) is used for the calculation of electric field with the aforementioned coupling
issue. The optical field propagation in the proposed device is simulated using FDTD
(Lumerical FDTD Solution). In the FDTD, the Liquid Crystal group is applied to model the
permittivity distribution of LC.

4.2 Polarization rotator in a NLC-core waveguide

As shown in Fig. 4(b), the polarization rotator has the structure of mainly a straight NLC-core
waveguide with coplanar electrodes on its both sides. A RI-core waveguide is protruded into
the output end of the NLC-core waveguide as mentioned above. To complete the design, it is
important to further determine the optimal position of the junction and also the sensitivity of
the conversion loss to the position deviation due to the fabrication limit.
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To calculate the optimal junction position and the sensitivity, a simplified structure is first
modeled, where no Rl-core waveguide but an infinitely-long NLC-core waveguide and
straight electrodes are applied. The optimal position is then chosen according to the minimum
conversion loss, and the structure is finally determined and simulated with the optimal
junction position.

The NLC orientation distribution is calculated using the tilt angle € and the twist angle ¢
defined in Fig. 5. At the waveguide center, the distribution of the tilt angle 6 along the
propagation direction is presented in Fig. 6(a). It can be seen that in the ideal case, the tilt
angle varies linearly along the propagation direction, while the distribution deviates from the
baseline in the designed polarization rotator (either without RI-core waveguide, or with the
RI-core waveguide at the optimal junction position). In the designed polarization rotator, the
6 distribution across the cross-section (at Y = 0 pum) is also presented in Fig. 6(b). It can be
seen that the hard-anchoring condition at the boundaries forces the director orientation to
change gradually across the thickness and the width, which is different from the perfect
uniform one in the ideal case.
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Fig. 6. (a) Distributions of the tilt angle 6 along the waveguide center in the ideal case, the
simplified model, and the sample device. (b) The @ distribution across the cross-section at the
position Y = 0 pm in the sample device.
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Fig. 7. Conversion losses at different cross-sections.

As for the twist angle ¢, it is zero for the ideal case and around + 0.18 rad at maximum for
the other two cases. It is noted that a smaller dielectric constant of the RI-core material would
lead to the increase of the twist angle at the corner of the junction (up to £ 0.4 rad for 35 V
@1 kHz), but the effect on the light propagation can be neglected, which is not shown in the
following discussion.

In the operation of the bending state, the light polarization is firstly converted from the
TM mode to the TE mode by the polarization rotator at the input end, and then it is rotated
back to the TM mode again at the output end. For simplification, only the TM-to-TE mode
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conversion is considered when the simplified model is simulated to determine the optimal
junction position Y,,. With these, the conversion losses at different cross-sections are
calculated and plotted in Fig. 7. It can be seen that the optimal junction position is Y = 3 um,
with the conversion loss as around 0.34 dB. The increase of conversion loss is below 0.19 dB
when the cross-section deviates from the Y, within the range of =3 um.

Both the performances in the TM-to-TE and the TE-to-TM conversion are simulated for
the sample device at the central wavelength of the O band (i.e., 1310 nm). For comparison,
the conversions in the two directions are also calculated for the ideal case.

In Fig. 8, the light propagation along the designed polarization rotator is presented for the
TM-to-TE conversion. The cut plane for observation is perpendicular to Z direction and
locates at the center of the waveguide layer. It can be seen that the input TM mode (Z-
polarization) is almost fully converted into the TE mode (X-polarization) by the rotator.
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Fig. 8. Simulated propagation light field of the sample device in the TM-to-TE conversion,
with (a) X-, (b) Y-, and (c) Z-polarization components. The cut plane for observation is
perpendicular to the Z direction and locates at the center of the waveguide layer.
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Fig. 9. The cross-sectional mode fields near (a) the input at Y =—54 pm and (b) the output at Y
= 6 um, respectively. For the input, the Z-polarization component is shown, while for the
output, the X-polarization component is presented.

In Fig. 9, the cross-sectional mode fields are presented for the position near the input end
(Y = =54 pm) and the output end (Y = 6 um), respectively. Figure 9(a) shows the Z-
polarization component on the input side, while Fig. 9(b) shows the X-polarization
component on the output side. It can be seen that the field patterns are almost the same in
both sub-figures, proving the successful rotation from the Z-polarization (i.e., the TM mode)
to the X-polarization (i.e., the TE mode).

The calculated conversion losses in the TM-to-TE conversion are 0.49 dB and 0.20 dB
while those in the TE-to-TM conversion are 0.54 dB and 0.20 dB, for the sample device and
the ideal case, respectively. The conversion losses for different bands (the C band and the L
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band) are also calculated for both the designed polarization rotator and the ideal case. For
simplification, only the central wavelengths of the bands are considered, and only the TM-to-
TE conversion is simulated. The results are summarized in Table 2. It can be seen that the
polarization rotator works well over the broad bandwidth covering the O band, the C band
and the L band, which is similar to the ideal case. Due to long helical pitch of the NLC, the
rotation of polarization direction is broadband.

Table 2. TM-to-TE conversion losses @ different wavelengths

Wavelength Conversion loss for designed device Conversion loss for ideal case
1310 nm 0.49 dB 0.20 dB
1548 nm 0.72 dB 0.27 dB
1595 nm 0.48 dB 0.29 dB

Further simulations are carried out to investigate the dispersion of conversion loss over
the O band, and the result is presented in Fig. 10. When no driving voltage is applied, the
polarization rotator is simply an NLC-core waveguide under the vertical alignment. Thanks to
the sufficient spacing of the electrodes, the absorption loss is alleviated. The propagation
losses for the zero-voltage case are also calculated, which are about 0.048 dB for the three
considered bands.
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Fig. 10. Dispersion of the conversion loss over the O band in the TM-to-TE conversion.

As shown in Table 2 and Fig. 10, the conversion loss is dependent on wavelength. In the
ideal case, the electrode absorption is increased at longer wavelength, because of the normal
dispersion in NLC and the wider mode field from diffraction limit. As for the designed
device, the reasons can be two-fold. Besides the aforementioned factor in the ideal case, the
deviation from ideal linear NLC distribution results in the mismatch of polarization rotation
and NLC tilt angle. There is post-rotation or early-rotation for some wavelength through the
waveguide, and a wider mode field occurs at the region where RI is below #n, (particularly
near the output end). Thus, the conversion suffers from additional wavelength-dependent loss.

4.3 Polarization-dependent waveguides

The PD waveguide is the other key element in the proposed design, which can passively
select the light path according to the light polarization. From the sample device in Fig. 4, the
waveguides consist of the NLC-core waveguides and the RI-core ones. The RI of RI-core
material is tuned to match the extraordinary RI of NLC, and it is important to determine the
impact of RI mismatching. It is noted that the waveguide tapers are not included in the
simulations for simplifications, and the propagation loss of waveguide tapers can be
suppressed by proper structural design and parameters [32]. For simplification, only the
performance at 1310 nm is evaluated for the sample device. The simulations are carried out in
the perfectly-matched RI case, for the lead-in, the lead-out and the bending operations
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Based on the 3D simulation, the light propagation fields (amplitude) are presented in Fig.
11 for the three operations. Similarly, the cut plane for observation is perpendicular to the Z
direction and locates at the center of the waveguide layer. In Fig. 11, the calculated
propagation losses are 0.03 dB, 0.02 dB, and 0.07 dB for the three operations of bending,
lead-in, and lead-out, respectively. Similarly, the cross-talk can be determined for each of the
three operations. From the 3D simulations above, the cross-talk for the three processes are
about —43 dB, —27 dB and —53 dB, respectively.
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Fig. 11. Simulated propagation light fields (amplitude) in the perfectly-matched RI case, for
the operations of (a) bending, (b) lead-in, and (c) lead-out. The cut plane for observation is
perpendicular to the Z direction and locates at the center of the waveguide layer.

Table 3. Propagation losses with different RIs of RI-core @ 1310 nm

RI of RI-core Propagation loss for lead-in ~ Propagation loss for lead-out ~ Propagation loss for bending

1.680 0.07 dB 0.04 dB 0.07 dB

1.682 0.05 dB 0.04 dB ~0

1.684 0.03 dB 0.04 dB ~0
n. (1.683) 0.03 dB 0.04 dB ~0

For the RI-mismatching cases, the simulations are performed in 2D, which is more
computationally efficient. The propagation losses with different RIs of the RI-core are listed
in Table 3. It can be seen that the worst performance degradation occurs when the Rls of RI-
core is 1.680. The maximum increase of the propagation losses is around 0.07 dB, as
compared to the case with the perfectly-matched RI (when RI of Rl-core is n.). However, it is
more favorable to keep the RI-core’s RI at the value of no more than 7., so that the cross-talk
can be specially suppressed for the lead-in process. It is noted that there is a slight difference
between the propagation losses in the lead-in and the lead-out processes. It is mainly due to
the asymmetric facets of the bending portion (RI-core). Since the outer-edge is less abrupt,
the propagation loss is less sensitive to the RI difference of RI-core in the lead-out process.
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5. Discussions

With design and simulations above, other practical issues will be further discussed, including
the loss scaling, the switching speed, the device fabrication and the fiber-to-chip coupling.

5.1 Insertion loss and cross-talk

Considering the conversion loss and the propagation loss characterized in the simulations, the
total insertion loss for the proposed device with N x N unit cells can be determined, with the
scaling equation as follows,

T=Tygn + LT + T, +L1ﬂTLC)X(N-1)
ALy + Topogny + 2L T + Ty + LyT0y) (7
A Topoon + LTy + Ty + Lo ST, )X (N -D+ T,

in which Ty, Trvere, Tre.ras denote the propagation losses in the corresponding polarization
conversions. The subscripts of R, I, O, and B stand for the polarization rotator, the operations
of lead-in, lead-out and bending, respectively. The material losses of the NLC and the RI-core
(SiON), which includes the absorption loss and the scattering loss in the lump, are 7 and
Tsion, respectively. The coefficient f is set as 1.5 to equivalize the volumes of the NLC and
the RI-core in the polarization-dependent waveguides. The term T, refers to the coupling loss
at the input/output port and is set as 3 dB.

For demonstration, the O-band is considered in the calculation of the total insertion loss.
The material losses can be referred to Table 1. In the sample device, the length of polarization
rotator Ly is about 70 um, and the lengths of lead-in/lead-out waveguides, namely L; and Lo,
are the same as 180 pum (including the tapers). In the bending operation, the propagation
length L consists of part of the lead-in/lead-out waveguides and also a quarter of the circle.
The length Lp is approximately 140 um in the sample device.

Using Eq. (7) and the above data, the total insertion loss T for different numbers of
input/output ports N can be evaluated, which is plotted in Fig. 12. For a small 8 x 8 OXC
device, the maximum on-chip insertion loss is estimated to be about 3 dB, and the maximum
path dependent loss is around 2 dB. If the port number becomes 32 x 32, the total insertion
loss is increased to ~14 dB. Although the loss and the cross-talk in the polarization rotator are
varied when the polarization conversion is performed, they are largely suppressed since only
one unit cell works in the bending state for each route.
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Fig. 12. Total insertion loss for different port numbers at the wavelength of 1310 nm.
With the cross-talks in the unit cell (Section 4.3), the signal-to-cross-talk ratio SXR [1]
can be estimated as —X, —10log,,(N —1), and —X, — X, —10log ,(N —1), for the worst case
(In to Oy) and the best case (I; to Oy). Here X is the cross-talk in each unit cell. For the 8 x 8
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OXC, an average cross-talk is achieved down to —40 dB. The worst and the best cross-talks in
8 x 8 OXC are estimated to be —19 dB and —62 dB, respectively.

Some modifications can be implemented to further enhance the loss performance. By
using the strategies in [10] and [11], more efforts should be made to suppress the propagation
loss in the lead-in/out processes. The PD waveguide can be replaced by an on-chip
polarization beam splitter (PBS) using SiON or silicon material [38], and the waveguide
crossing can be upgraded using the low-loss designs [10, 11]. With the lower loss in the PBS
(e.g. 0.017 dB [38]), waveguide crossing (e.g. 0.01 dB [10, 11]) and the solid-material
waveguide (e.g. SION with 0.05 dB/mm [23, 24]), the 32 x 32 OXC is estimated to have
maximum on-chip insertion loss of 5.1 dB and average crosstalk of =50 dB.

5.2 Switching speed

In the sample device, the waveguide layer is as thin as 1 um, and a thinner layer can be used
at the cost of an increased driving voltage. Considering the thin waveguide layer of the
sample device, the switching time (including both on and off) can be about 1 ms [39]. Using a
larger driving voltage of 50 V and a thinner layer, a switching time down to sub-milliseconds
is possible. Instead of the pre-alignment layers, it is also potential to apply an additional top-
bottom electrode pairs for the NLC alignment in the vertical direction. The turn-off time and
the driving voltage are expected to be further reduced. These structures are feasible with the
existing fabrication techniques, such as the hollow liquid-core waveguide on silicon [40].

5.3 Deviice fabrication

As for the sample device, it can leverage on the LCD/LCoS fabrication technology [41].
However, the patterning for polarization rotator and PD waveguides makes the fabrication
tougher than the conventional LCD/LCoS devices. With better design, the alignment
tolerance can be under control (e.g., see Fig. 7). For the thickness control of RI-core and NLC
waveguide, the key point is the matching between Rl-core and cladding. Some strategies can
be developed to ease the fabrication, such as etching for the NLC core after the patterning of
RI-core and cladding (NOA84 in the sample design). For the design using SiO, as the
cladding, the more compatible techniques can be applied on silicon platform, e.g., surface
polishing for thickness matching.

5.4 Fiber-to-chip coupling

Another important practical issue is the fiber-to-chip coupling. To achieve the polarization-
dependent routing in the P-OXC, the coupled light wave to the access waveguide should be
preprocessed to be in either the TM or the TE mode. The polarization-independent coupling is
also preferred, since the polarization is dynamically randomly-rotating in the real optical
communication systems. This issue is common in the silicon photonic and nano-photonic
waveguides in photonic integrated circuit [38, 42]. Using the current techniques including the
integrated polarization splitters, rotators and couplers [38, 42—47], several potential solutions
can be found to address the polarization issue in P-OXC.

The elegant method of polarization diversity can be adopted [45] in our proposed device,
as shown in Fig. 13. In principle, the diversity can be either space-based (see Fig. 13(a)) or
mode-based (see Fig. 13(b)). For each port, the orthogonal polarization fields from (into) the
fiber are pre-processed by the polarization splitter (combiner). One of the polarization fields
is then rotated to its orthogonal counterpart. It is noted the polarization rotation can be
performed simultaneously with the polarization splitting in the same structure. The on-chip
polarization manipulation is with better compactness and integration than the fiber-based
techniques, and is mainly adopted and discussed in P-OXC.

As for the space-based polarization diversity in Fig. 13(a), two copies of the P-OXC are
placed side by side on the same chip. The polarization-independent grating coupler can be
used as the fiber-to-chip interface. In the state of the art of grating couplers, the coupling
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efficiency exceeds 50% and the available bandwidth covers the whole C-band [43]. The
length of grating coupler is typically about a hundred um [44]. The additional loss and
footprint are thus acceptable in P-OXC with grating coupling.

Taking input port 1 (I;) as an example, the input field from the fiber has dynamically
random-rotating polarization. With the help of a compact fiber coupler grating using an
integrated polarization splitter, both the fiber polarizations are coupled to TE-mode (or TM-
mode) of their own waveguides. The light waves from both the waveguides are conveyed to
the two copies of P-OXC at the corresponding input port pairs (e.g. I;). They then ideally
propagate through the same selected route, and experience the same attenuation and phase
shift. Finally, they are coupled from the grating coupler at the output port pairs back into the
output fiber. In principle, the grating couplers at the input and the output side are in the same
form, and the output field polarizations can be perfectly restored to the input ones. In practical
applications, the fabrication error should be controlled, and in this way the relative delay
between the coupled light waves is expected to be precisely suppressed.
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Fig. 13. The polarization diversity is used for fiber-chip coupling in P-OXC, including (a) the
space-based and (b) the mode-based method. Only the case of TE mode is shown for example.

To apply the grating couplers, two more practical issues should be considered, including
the compatibility between the grating couplers and the NLC waveguides, and the fabrication
of both the grating coupler and the NLC waveguide in the same platform.

As for the compatibility issue, one of the most important parameter is the thickness. From
some highly-efficient broadband design [43], it can be seen that the thickness of access
waveguide is around 500 nm. The micrometric design is also demonstrated in [46], where the
thickness of access waveguide is around 1 pum. The thickness of LC waveguide in our
proposed design is 1 um, and it is expected to be compatible with the grating couplers. In fact,
the design space of LC waveguide thickness is sufficient to range from several hundred nm to
about 1 um, because there is no resonant structure in P-OXC. The parameter optimization can
be carried out to match the grating coupler and the NLC waveguide.

The other issue, the integration of both the grating coupler and the P-OXC during
fabrication, can also be properly addressed. The fabrication of P-OXC can leverage on the
LCoS fabrication technique [41], which is compatible to the grating coupler fabrication on the
silicon platform. The single-step fabrication is reported recently for highly efficient wide-
band grating coupler on the silicon platform [43]. Economic fabrication tool such as i-line
lithography and stepper can be applied [46]. The SiON-based fiber-to-chip coupler is also
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studied [47]. In this regard, it is potential to use the existing techniques to integrate grating
coupler to P-OXC on the same chip, with acceptable fabrication cost and process complexity.

As shown in Fig. 13(b), the mode-based polarization diversity method is adopted with
end-coupling. The diversity is realized by using the integrated polarization converter [38] at
the front of each input (output) port. The orthogonal polarization fields from the single-mode
fiber are converted to different order modes with the same polarization (e.g. TE and TEg,
mode, respectively) and propagate in the same selected (multimode) route. In practical, the
modal dispersion induces relative delay between the orthogonal polarization fields at the
output. Due to the short propagation length (~mm) in P-OXC, the resulted delay is largely
suppressed to allow bit-rate of several hundred Gbps. The polarization-independent grating
couplers to single access waveguide are also reported in the seminal papers [42], [46] and can
be used as the fiber-to-chip interface in the mode-based diversity scheme.

6. Conclusions

In conclusion, P-OXC is proposed for the planar OXC solution, based on the PD routing
using the NLC waveguides. Each unit cell works in either the bending state or the lead-
in/lead-out state, dependent on the in-plane polarization rotation and the PD waveguide
routing. In terms of the mechanism of polarization rotation, it enables the electrical control of
the NLC alignment in the waveguide. The NLC is tuned to aligned in either the vertical or the
twisted direction (along the waveguide axis), which mimics the free-space polarization rotator
using the crossing-aligned twisted NLC.

A sample device is proposed for performance evaluation and optimization. The key
elements, the polarization rotator in NLC-core waveguides and the PD waveguides, are
designed and analyzed. With the RI-matching between the RI-core and the extraordinary RI
of NLC, the PD waveguides are formed by defining the waveguide structure, which supports
the lead-in, the lead-out or the bending light path. In the polarization rotator, the electrically-
controllable polarization conversion is achieved using the gradient electric field generated by
the bottle-shape coplanar electrodes under the driving voltage of 35 V. It is also potential to
apply an additional top-bottom electrode pairs for the NLC alignment in the vertical direction,
which can further reduce the driving voltage and the switching time. From simulations, it is
estimated that the 8 x 8 P-OXC exhibits a maximum on-chip insertion loss of 3 dB, an
average total cross-talk of —40 dB, a switching time of 1 ms and a footprint of 2 mm x 2 mm.
The maximum path dependent loss is about 2 dB. It is also found that the dispersion of loss
and cross-talk is mild over broad bandwidth. The P-OXC has the structure similar to the
LCoS, and can leverage the mature LCD/LCoS fabrication technology.

The P-OXC combines the advantages of planar waveguide and LC device in compactness,
broad bandwidth and low loss. As an on-chip device, it has compact footprint and possible
integration with other planar lightwave circuit (PLC) devices. It also inherits some superior
strengths from LCD/LCoS devices, including low power consumption (~mW/port), good
reliability (resistance/recovery to humidity and thermal impact), low cost (based-on mature
fabrication technology and without 3D structure or moving component). With the overall
performances and advantages, it is promising for optical circuit switching in future
communication networks, e.g. robust and green data centers [48, 49].
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