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Abstract   

A compact polarization rotator (PR) based on silicon on insulator (SOI) platform with nematic liquid crystal 

(NLC) is introduced. The NLCs are anisotropic materials which can be used to improve the modal hybridness of 

the hybrid modes. As a result, a polarization rotation can be achieved over a short propagation distance. The 

proposed PR is analyzed using the full-vectorial finite-difference method and the full-vectorial finite-difference 

beam propagation method. The numerical results reveal that at the operating wavelength of 1.55 μm, the PR has a 

compact device length of 11.67 μm with 15.5 dB extinction ratio (ER) for both polarization conversions. The 

insertion losses of the reported PR are equal to 0.29 dB and 0.59 dB for TE to TM and for TM to TE conversions, 

respectively. Moreover, it offers a broad bandwidth of (860 – 1780 nm) for TE to TM and (890 – 1790 nm) for 

TM to TE with an ER better than 10 dB. The fabrication tolerances and influences on the performance of the PR 

for the different structure geometrical parameters and operating wavelength are also investigated. 

Index Terms—Polarization rotators, Polarization splitters, Nematic liquid crystal (NLC), Beam propagation 

method (BPM). 

Introduction 

As information exchange demands are exploding 

in today's communications, developing optical 

communications systems with increasing 

transmission capacities became a strong necessity. 

Optical communications systems rely heavily on 

the integration of different optical devices such as, 

detectors, modulators, and multiplexers. The 

performance of such devices is, unfortunately, 

usually dependent on the polarization state. 

Silicon photonics (1), (2) has emerged as a 

promising platform for building large scale 

photonic integrated circuits for optical 

communication systems due to the availability of 

the low cost complementary metal-oxide 

semiconductor processing technology. Silicon-on-

insulator platform is the main platform for silicon 

photonics due to its high index contrast which 

enables compact photonic devices. However, the 

high index contrast leads to a considerable optical 

birefringence and highly polarization dependent 

devices. In this context, polarization handling 

devices (3), (4) such as polarization splitters and 

polarization rotators can be used to obtain 

polarization transparent PICs 

Several approaches to implement polarization 

rotator based on SOI platform have been reported. 

In this regard, a compact PR based on asymmetric 
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periodic loaded waveguide has been introduced by 

Sun et al. (5). At the wavelength of 1.525 μm, such 

a design has 15.78 μm device length with 11.8 dB 

extinction ratio (ER). However, the structure was 

very sensitive to fabrication errors and narrow 

bandwidth (5). Moreover, single section PRs (6)-(8) 

with slanted sidewall were introduced with a 

complex fabrication process including wet and dry 

etching techniques. To overcome the problem of 

complex fabrication process, Wang et al (9) have 

proposed a PR based on Si nanowire with 

asymmetrical cross section through vertical 

sidewall and etched corner of the Si nanowire 

(one-step etched). Such structure has 22.1 μm 

conversion length and broad bandwidth of 120 

nm. However, the fabrication tolerance was very 

small with high sensitivity to small fabrication 

errors. In addition, PRs based on directional 

coupling (10), (11) have been reported. Soudi et al. 
(11) have proposed a design of directional coupling

based PR that contains two simple silicon

nanowires with unequal widths. This design has a

shorter device length of 52.8 μm at 1.55 μm

wavelength with better maximum power coupling

efficiency of 99% and 20 dB ER. However,

directional coupler based PRs suffer from their

relatively long device lengths. Further, several

surface plasmon polariton (SPP) based PRs (12-14)

have been implemented. Such technique is utilized

to reduce the conversion length of an optical PR

built on SOI waveguide. In this regard, an ultra-

compact SPP based PR with 3 μm device length

and ER of 11 dB has been reported (12). However it

suffers from high loss of 12 dB due to the metal

existence. It is concluded that designing a PR

which compromises between short device length,

good ER, high PCE, low losses, large bandwidth

with simple design is still an issue.

In this paper, a novel design of a compact PR 

based on SOI platform is introduced. The 

suggested design relies on a silicon wire inside a 

groove in the SiO2 substrate. The silicon wire is 

surrounded by nematic liquid crystals (NLCs). 

The anisotropic property of the NLCs (15) leads to 

a high modal hybridness which improves the 

exchange of power between the hybrid modes. 

Optimizing the structural dimensions and the 

rotation angle of the NLC director leads to 

maximum modal hybridness, where the optical 

axis has an angle of 45° with respect to the 

horizontal and vertical axes, can be obtained. 

Hence, maximum polarization conversion 

efficiency can be achieved over a short 

propagation distance. At a wavelength of 1.55 μm, 

the proposed design has a compact device length 

of 11.67 μm with 15.5 dB ER for both polarization 

conversions. The IL is equal to 0.29 dB and 0.59 

dB for TE to TM and for TM to TE conversions, 

respectively. Moreover, it offers a broad 

bandwidth of (860 – 1780 nm) for TE to TM 

mode and (890 – 1790 nm) for TM to TE mode to 

have an ER better than 10 dB. In addition, the 

proposed PR is easy for fabrication and has a 

stable performance with variations in the 

operating wavelength and unavoidable fabrication 

errors. In order to study the characteristics of the 

proposed PR, the use of a full-vectorial mode 

solver is necessary. In this investigation, the full-

vectorial finite difference method (FVFDM) with 

perfect matched layer boundary conditions (16) is 

used to calculate the full vectorial quasi-transverse 

electric (TE) and transverse magnetic (TM) modes 

for the PR waveguide. In addition, the propagation 

along the longitudinal direction is studied using 

the full vectorial finite difference beam 

propagation method (FVFD-BPM) (17).  

This paper is organized as follows. Following 

Section I, the numerical methods are briefly 

described in Section II. The design and the 

obtained simulation results are presented in 

Section III. Finally, conclusions are drawn. 

Numerical Approaches 

In order to efficiently analyze the operation of the 

PRs, the use of full vectorial numerical 

approaches is inevitable. In this study, the 

FVFDM (16) with perfect matched layer boundary 

conditions (18) is used to accurately calculate the 

full vectorial quasi-TE and quasi-TM modes for 

the input and PR waveguides. The grid sizes of Δx 

and Δy in the transverse directions are taken as 

0.01 μm through all simulations. 

To study the propagation along the longitudinal 

direction of a PR waveguide section, beam 

propagation methods (BPM) (17), (19) are strongly 

required. In the last two decades, the BPM has 

been widely used for the simulation of wave 

propagation in different photonic devices. A full-

vectorial approach is particularly necessary to 

calculate the power conversion between the two 
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polarization states in the optical guided wave 

devices. Due to its numerical efficiency and 

versatility, some full-vectorial BPM algorithms 

have been formulated based on the finite element 

method (FEM) (19). In addition, many full-vectorial 

BPM approaches based on the popular finite 

difference method (FDM) have been reported (17). 

In this study, the FVFD-BPM (17) is applied to 

study the polarization conversion based on the 

proposed structure. Through all simulations, the 

grid sizes are taken as Δx = 0.01 μm, Δy = 0.01 

μm, and Δz = 0.01 μm in the x, y, and z directions, 

respectively. In (19), obayya et al. have explained 

that for Δz ≤ 1 μm, the variation of the 

longitudinal step size does not have much 

influence on the accuracy of the scheme, and no 

instability was observed. In addition, α is taken 

within the range, 0.5 ≤ α ≤ 1, at which the FVFD-

BPM (17) is unconditionally stable. The α 

parameter is responsible for controlling the 

scheme which is used to solve the finite difference 

equations. Moreover, the reference index n0 which 

is used to satisfy the slowly varying envelope 

approximation of the FVFD-BPM (17) is taken as 

the effective index of the fundamental mode 

launched at the input waveguide. 

Design And Numerical Results  

The cross sections of the input/output and PR 

waveguides are shown in Fig. 1(a) and (b), 

respectively. The PR waveguide consists of a 

silicon wire of equal height hs and width ws, which 

is positioned inside a groove in the SiO2 substrate 

and fixed by a strip of width wb.  The upper 

cladding and the regions in the groove 

surrounding the silicon wire are infiltrated with a 

NLC of type E7. The input and output waveguides 

have the same structure as the PR waveguide, 

while, the NLC is replaced by SiO2. The NLCs 

used in the proposed structure are anisotropic 

materials consisting of rod-like molecules, which 

are characterized by ordinary index no and 

extraordinary index ne. In addition, the direction 

of the preferred orientation of the NLCs, as shown 

in Fig. 1(d) is described by its director, which is a 

unit vector n along the direction of the average 

orientation of the molecules. The orientation of 

the NLC director can be effectively controlled by 

applying a static electric field, where the NLC 

molecules tend to align their axis according to the 

applied field (20). 

The ordinary no and extraordinary ne indices of 

the E7 material can be calculated using Cauchy 

models (21). In the proposed design, the relative 

permittivity tensor εr is expressed as (22) 

 𝜀𝑟

= (

𝑛𝑜
2𝑠𝑖𝑛 2𝜑 + 𝑛𝑒

2𝑐𝑜𝑠 2𝜑 (𝑛𝑒
2 − 𝑛𝑜

2) cos 𝜑 sin 𝜑 0

(𝑛𝑒
2 − 𝑛𝑜

2) cos 𝜑 sin 𝜑 𝑛𝑜
2𝑐𝑜𝑠 2𝜑 + 𝑛𝑒

2𝑠𝑖𝑛 2𝜑 0

0 0 𝑛𝑜
2

) 

(1) 

where φ is the rotation angle of the NLC director 

with respect to the x- axis, as shown in the inset of 

Fig. 1. By optimizing the rotation angle, the 

optical axes of the fundamental quasi-TE and 

quasi-TM modes will have an angle of nearly 45° 

with respect to the horizontal and vertical axes of 

the PR waveguide. Therefore, the dominant and 

nondominant field components of the two 

polarized modes will have nearly equal 

amplitudes. Accordingly, when a quasi-TE (TM) 

polarized mode obtained from the input 

waveguide, with little hybridization, is launched 

directly into the proposed PR, the input power 

excites two hybrid modes along the PR 

waveguide. As these two modes propagate 

through the PR
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Fig. 1. (a) The cross-sections of the 

input/output waveguides, (b) the cross-

section of the proposed PR waveguide. The 

inset shows the director of the NLC with a 

rotation angle φ. 

section, they became out of phase at a distance 

equals to Lπ, and then an orthogonal mode quasi-

TM (TE) is obtained. 

The conversion length, LC, or the half-beat 

length, Lπ, is defined as the minimum longitudinal 

distance at which maximum polarization 

conversion occurs, and can be calculated by  

LC = π / (βTE – βTM)        (2) 

where βTE and βTM are the propagation constants 

of the quasi-TE and quasi-TM modes, 

respectively. It should be noted that in order to 

reverse the polarization state at the output port of 

the PR device, its length should be equal to the 

conversion length LC. 

In the proposed structure, the silicon wire 

height hs and width ws are equal to 380 nm, while 

the width of the SiO2 base strip is taken as wb = 50 

nm. The refractive index of the silicon and SiO2 

are taken as 3.48 and 1.46, respectively. In 

addition, no and ne of the E7 material are fixed to 

1.5024 and 1.6970, respectively, at the operating 

wavelength λ = 1.55 μm and at temperature of 

25°C. Meanwhile, the rotation angle φ of the NLC 

is chosen as 45°.  

Obtaining highly hybridness waveguides that can 

support the quasi-TE and quasi-TM modes, with 

almost equal amplitudes of the field components 

is the key factor in designing an efficient PR. In 

this study, the model hybridness is defined as (23) 

Hybridness = max |Hu| / max |Hv| (3) 

where u and v are x and y for the quasi-TE mode 

while y and x for the quasi-TM mode, 

respectively. 

The FVFDM (21) is used to obtain the model 

solution of the input and output waveguides 

shown in Fig. 1. The dominant Hy and 

nondominant Hx field profiles of the quasi-TE 

mode are shown in Fig. 2(a). It may be seen from 

this figure that the field profiles of the dominant 

Hy and nondominant Hx of the quasi-TE mode are 

quite different in shape with unequal amplitudes 

with low hybridness of 0.1. Therefore, only a 

small amount of mode conversion can take place 

in such waveguides which can be used as input 

and output waveguides. On the other hand, the 

dominant Hy and nondominant Hx field profiles of 

the quasi-TE mode of the suggested PR are shown 

in Fig. 2(b). It can be noticed that the field profiles 

of the dominant Hy and nondominant Hx

components of the quasi-TE mode are very similar 

with high model hybridness of 0.9915. This means 

that the proposed PR supports highly hybrid 

modes which can be used for designing an 

efficient PR. 

The modal hybridness can be mainly affected by 

the rotation angle of the NLC and the structure 

geometrical dimensions. The effect of the rotation 

angle on the modal hybridness and conversion 

length is first studied. In this investigation, the 

silicon wire height hs and width ws, and the width 

of the SiO2 base strip wb are fixed to 380 nm, 380 

nm, and 50 nm, respectively. Fig. 3 shows the 

variation of the conversion length and modal 

hybridness of the quasi-TE and TM modes, with 

the rotation angle φ. It is evident from this figure 

that the hybridness has its maximum value of 

0.99155 and 0.97434 for the quasi-TE and TM 

modes, respectively, at rotation angle φ = 45°. 

Therefore, complete polarization conversion can 

take place at φ = 45°. However, if φ is deviated 

from 45°, the modal hybridness is reduced to 

reach its minimum values at φ = 0° and 90°. 

Moreover, Fig. 3 reveals that the rotation angle 

can affect the conversion length of the proposed 

PR. The conversion length decreases from 27.94 

to 11.67 μm by increasing the rotation angle from 

0° to 45°. If φ is further increased to 90° the 

conversion length will be increased to 28.64 μm. 
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Fig. 2. Contour plots of the dominant Hy and 

nondominant Hx field profiles of the fundamental 

quasi-TE modes for (a) the input/output 

waveguides and (b) the proposed PR waveguide. 

Fig. 3. Variation of the modal hybridness and 

conversion length with the rotation angle φ of the 

director of the NLC. 

The contour plots of the field components Hx and 

Hy, calculated using the FVFD-BPM (17), of the 

input TE mode at different propagation distances z 

= 0, Lπ/2, Lπ are shown in Fig. 4. It may be seen 

from this figure that as the TE input mode is 

launched from the input waveguide into the PR 

waveguide, the input power excites the hybrid 

modes along the PR waveguide where the 

dominant component Hy is gradually decay while 

the nondominant component Hx is gradually 

reinforced, till a relatively complete polarization 

conversion from the TE mode to the TM mode is 

occurred at z = Lπ which is equal to 11.67 μm.  

Fig. 4. Contour plot of Hx and Hy field 

components at z=0, Lπ/2, and Lπ.  

The effect of the silicon wire height hs on the 

modal hybridness is also studied. In this 

investigation, the silicon wire width ws, and the 

width of the SiO2 base strip wb are taken as 380 

nm, and 50 nm, respectively. However, the 

rotation angle φ is set to 45°. Fig. 5 shows the 

variation of the hybridness of the quasi-TE and 

TM modes with the silicon wire height. It is 

evident from this figure that the hybridness 

increases with increasing the height of the silicon 

wire until the hybridness reaches its maximum 

value for the quasi-TE and TM modes at hs = 380 

nm. However, if hs is further increased, the 

hybridness is reduced again. 

Next, the effect of the silicon wire width ws on the 

modal hybridness is studied while the silicon wire 

height hs, the width of the SiO2 base strip wb, and 

the rotation angle φ are taken as 380 nm, 50 nm, 

and 45°respectively. Fig. 6 shows the variation of 

the hybridness of the quasi-TE and TM modes 

with the silicon wire width. It can be noticed from 

this figure that as the width of the silicon wire 

(a) 

(b)
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increases, the hybridness of the two modes 

increases until its maximum value at ws = 380 nm. 

However, if ws is further increased, the hybridness 

is reduced from its minimum value.  

Fig. 5. Variation of the modal hybridness with the 

height of the silicon wire hs. 

Fig. 6. Variation of the modal hybridness with the 

width of the silicon wire ws. 

The effect of the width of the SiO2 base strip wb is 

also reported. The numerical results reveal that the 

width of the SiO2 base strip has a slight effect on 

the modal hybridness and hence the conversion 

length and conversion ratio. The variations of the 

TM polarized powers Px for the TE excitation 

along the propagation direction at wb, 40 nm, 50 

nm, and 60 nm are examined. In this analysis, the 

silicon wire height hs and width ws, and the 

rotation angle φ are fixed as 380 nm, 380 nm, and 

45°respectively. The maximum values of Px at wb 

= 40, 50, and 60 nm are found to be 0.9726, 

0.9727, and 0.9725, respectively. The 

corresponding conversion lengths are equal to 

11.73, 11.67, and 11.8 μm, respectively. 

Therefore, the maximum Px and minimum LC are 

obtained at wb = 50 nm.  

Maximizing the (ER), performance parameter, 

is also considered in designing the proposed PR, 

where the ER is defined as (8) 

𝐸𝑅 = 10 log10 (
𝑃𝑇𝑀

𝑃𝑇𝐸
)        (4) 

where PTE and PTM are the respective output 

powers for the quasi-TE and quasi-TM modes at 

the output port for a quasi-TE input mode 

excitation, and a similar expression can be 

released for a quasi-TM input mode.    

The reported PR with hs = 380 nm, ws = 380 nm, 

wb = 50 nm, and φ = 45° offers a maximum 

hybridness of 0.9915 and a maximum ER of 15.5 

dB with a device length of 11.67 μm. Therefore, 

such design will be considered as the appropriate 

device in the following simulations. 

Studying the fabrication tolerances of the 

structural parameters and their effects on the 

polarization rotator performance has a great 

importance. The rotation angle of the director of 

the NLC is the first considered. Fig. 7 shows the 

variation of the ER values for TE to TM and TM 

to TE modes with the rotation angle φ in the range 

from 25° to 65°. It is found that the behavior of 

the ER variation with the rotation angle is very 

similar to the behavior of the modal hybridness, as 

shown in Fig. 3. It has been shown before that the 

maximum hybridness occurs at φ = 45°.     
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Fig. 7. Variation of the ER with the rotation angle 

of the director of the NLC φ. 

Fig. 8. Variation of the IL with the operating 

wavelength λ. 

Similarly, the value of the ER is maximum at φ 

= 45° and any deviation from φ = 45° results in 

reduction of the values of the hybridness and the 

ERs. It should be noted that when fabricating the 

device, to keep the maximum ER always better 

than 10 dB, the rotation angle should be kept 

within the ranges from 30° to 59° and from 30° to 

58° for TE to TM and for TM to TE modes, 

respectively, which are considered as a large 

fabrication tolerance for the suggested design. The 

fabrication tolerances and effects of the other 

structural geometrical parameters, such as hs, ws, 

and wb are also studied and summarized in table 1.  

Fig. 8 shows the variation of wavelength 

dependent IL for TE to TM and for TM to TE 

modes. From this figure, it may be seen that at the 

operating wavelength of 1.55 μm, the IL is equal 

to 0.29 dB for TE to TM mode and 0.59 dB for 

TM to TE mode. In addition, the IL values are less 

than 1 dB over a broad bandwidth of 725 nm and 

560 nm for TE to TM and for TM to TE modes, 

respectively. The IL parameter is defined as (24). 

𝐼𝐿 = − 10 log10 (
𝑃𝑂𝑀

𝑃𝐼𝑁𝑃𝑈𝑇
) (5) 

Table 1. Summary of the variation tolerances of 

the structural parameters φ, hs, ws, and λ to keep 

the ER always better than 10 dB. 

Parameter 
TE to TM 

range 

TM to TE 

range 

φ 30° - 59° 30° - 58° 

hs 371 - 392 nm 371 - 391 nm 

ws 368 - 391 nm 369 - 391 nm 

λ 
860 – 1780 

nm 

890 – 1790 

nm 

Conclusions 

A compact PR based on SOI and NLC has been 

presented and analyzed using the methods of 

FVFDM and FVFD-BPM. The PR has a device 

length of 11.67 μm with 15.5 dB ER for both 

polarization conversions at 1.55 μm wavelength. 

The IL is equal to 0.29 dB and 0.59 dB for TE to 

TM and for TM to TE conversions, respectively. 

Moreover, it offers a broad bandwidth of (860 – 

1780 nm) for TE to TM and (890 – 1790 nm) for 

TM to TE to keep the ER better than 10 dB. In 

addition, it is easy for fabrication and has a stable 

performance with variations in the operating 

wavelength and fabrication errors. The results 

shown here demonstrate that proposed PR can be 

employed to achieve strong polarization 

conversion in many applications.   
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