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Abstract: On-chip arbitrary-elliptical-polarization converter plays a key role in optical infor-
mation processing. However, the traditional method of manually adjusting parameters for
designing devices is limited in function. In this letter, on-chip ultra-small arbitrary-elliptical-
polarization converters are realized through optimization algorithms based on genetic
algorithm (GA) combined with finite element method (FEM). The converters can realize
the function of arbitrary ellipticity angle conversion of full polarization states. The size of the
core device is only 1 µm × 1 µm, which is very conducive to high-density integration. The
difference between the ideal output ellipticity angle and the actual output ellipticity angle of
each device is no more than 2 degrees. In addition, it is proved that the use of optimization
algorithms can easily design arbitrary-elliptical-polarization converters with different ma-
terials, different structures and different wavelengths, and the design of three-dimensional
arbitrary-elliptical-polarization converters is also verified by using the optimization algorithm.
This work provides an efficient design method for arbitrary polarization state conversion,
showing its significance in improving the information capacity in optical communication.

Index Terms: Polarization converters, genetic algorithm, on-chip integration, Poincare
sphere, finite element method.

1. Introduction
Nanophotonic devices, which take photon as information carriers, have the advantages of fast
response, high integration, and strong anti-interference ability, which play important roles in the
areas of all-optical computing, all-optical interconnection, and all-optical networks. A variety of
nanophotonic devices have been designed in previous research [1], including wavelength-divided
routing devices [2]–[5], all-optical logic gates [6]–[8], resonators [9], [10], power beam splitters [11],
[12], and polarization devices [13]–[25]. Polarization, as a basic degree of freedom of light, is one
of the most important properties of light. Polarization devices play significant roles in carrying and
transmitting information, making them an essential component of nanophotonic devices.
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There are many polarization devices designed by using traditional method of manually adjusting
parameters, such as the use of three-dimensional asymmetric structure [13] and nano-groove
structure [14] to achieve the function of splitting TM mode and TE mode, and the use of metasurface
to realize the conversion between TE mode and TM mode [15]. However, with the increasing
requirement of nanophotonic integration, the design of traditional manually adjusting parameters
usually consume a lot of time and energy, and the performance of the designed devices is limited,
so it is difficult to meet the development of nanophotonic integrated devices. In order to improve
efficiency and expand device functionality, in recent years, there have been related reports of
devices designed by algorithms, such as polarizer or polarization (de)multiplexer based on the
direct-binary-search algorithm [16], [17], circular Hall sub-polarization device based on annealing
algorithm and GA [18], wavelength and polarization division based on gradient-based optimization
algorithm [19], and linear polarization converter based on GA [20]. However, the functions of the
above devices are mostly focused on splitting three different polarization states or simply realize
the polarization conversion in the range of linearly polarized light [14], [20], [21]. In order to achieve
high-density and multi-function on-chip integration, optical devices are required to expand their
functions while further reducing their size. It is an alternative way to use elliptical polarization in
order to increase information capacity [22], [26]. However, existing elliptical polarization converters
take advantage of transmission or reflection of metasurfaces, and convert light in free space, which
are not easy to be compatible with on-chip integration [22]. Therefore, it is still a challenge to
realize the high-efficiency design of on-chip ultra-small arbitrary-elliptical-polarization converters
with different materials, different structures and different wavelengths.

In this letter, we design on-chip ultra-small arbitrary-elliptical-polarization converters based on
an optimization algorithm, which combines the genetic algorithm (GA) with the finite element
method (FEM). The converters can realize the function of arbitrary ellipticity angle conversion
of full polarization states. The size of the device is only 1 µm × 1 µm, which is beneficial for
photonic integration. The design method is universal, which is suitable for the design of polar-
ization converter with different materials, different structures, and different wavelengths, and the
design of three-dimensional arbitrary-elliptical-polarization converters is also verified by using the
optimization algorithm. This work provides a new scheme for designing polarization devices with
efficient calculations and high conversion efficiency, making full use of the polarization information.
The proposed devices have wide applications in integrated nanophotonic devices.

2. Design Method
The polarization can be demonstrated on the Poincare sphere, which is defined as the unit sphere
in the space of Stokes parameters S1, S2, S3 [27]. Each point on the sphere uniquely represents
one polarization state. The ellipticity and chirality of the polarization states are described by the
ellipticity angle χ . As is shown in Fig. 1(a), the ellipticity angle χ is defined as half of the angle
formed by the vector from the origin to the points on Poincare sphere and the S1, S2 plane. The sign
of χ is positive at the north semi-sphere and negative at the south semi-sphere, which describes
the chirality. Right-handed polarization states have positive χ and left-handed polarization states
have negative χ . The absolute value of χ describes the ellipticity. It is related to the ratio of the
semi-minor axis and the semi-major axis of the polarization ellipse by Eq. (1)

|χ | = arct an
(

b
a

)
(1)

where b, a are the lengths of the semi-minor axis and semi-major axis [22]. Specially, when χ = 0,
the polarization states are linear polarization, and when χ = ±45◦, the polarization states are
circular polarization.

The ellipticity angle can be directly calculated by Stokes parameters, but the calculation of Stokes
parameters requires an orthogonal frame where the z axis is parallel to the energy flow. Here, we
calculate the ellipticity angle by the complex amplitude of electric vector E and the Poynting vector
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Fig. 1. (a) Diagram of Poincare sphere and the polarization states. χ denotes the ellipticity angle. (b)
The polarization states at the four points P1, P2, P3, P4. (c) Schematic of the structure and the function
of the device. (d) Flow chart for the optimization process.

S instead of Stokes parameters, as is shown in Eq. (2)

χ = − 1
2

arcsin

[
2 (Re (E ) × Im (E )) · S∣∣S∣∣ |E |2

]
(2)

where Re(E ) and Im(E ) represent the real and imaginary part of E . Eq. (2) is equivalent to the
method using Stokes parameters, but it only requires the vectors E and S, which can be extracted
directly from numerical calculation.

The ellipsometry is an important basis for judging the “ellipse degree” of polarized light. As shown
in Fig. 1(b), if it is −45 degrees, it means this polarized light is right-handed circularly polarized light;
else if it is between 0 degree and 45 or −45 degrees, it means that this polarized light is elliptically
polarized light. If the angle calculated by this formula is 0 degree, it means that the polarized light
is linearly polarized light, else if it is 45 degrees, it means that the polarized light is left-handed
circularly polarized light.

The structure diagram and function of arbitrary-elliptical-polarization converters are shown in
Fig. 1(c). The on-chip polarization converter device consists of a square region with dimension
of 1 µm × 1 µm and two trapezoidal waveguides on the left and right side of it, and each end
of the trapezoidal waveguide width is 0.2 µm. The middle region is the design region, where
rectangle, triangle or any geometry shapes of different materials can be added for optimization in
the subsequent calculation. The function of arbitrary-elliptical-polarization converters is that when
an elliptically polarized light with a certain ellipticity angle A is incident, after passing through
the design region, the elliptically polarized light with a specified ellipticity angle B will be output,
where A and B can be any ellipticity angles, so that such structures can realize arbitrary-elliptical-
polarization conversion.

The arbitrary-elliptical-polarization converters is designed by an optimization algorithm, which
combines GA with FEM. The basic design steps are extracted and shown in Fig. 1(d). First, we
establish a basic structure model by FEM. Second, FEM is used to simulate these models, and
the fitness function of the algorithm is used to evaluate the performance of each model. Here, the
fitness function used for evaluation is the absolute value of the difference between the ideal output
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Fig. 2. (a) The changing process of structure during the iterative optimization process. (b) Rainbow
image shows the function of all 121 mosaic structure devices. (c–e) Devices that realize the function of
elliptical polarization conversion. Conversion of ellipticity angle (c) from −45° to 45° (d) from 0° to −45°
(e) from 20° to −30°.

angle and the actual output angle. The output angle can be detected by a boundary probe of FEM at
the right end of the right trapezoidal waveguide. The ideal output angle is the ellipticity angle of the
desired model output, and the actual output light is the ellipticity angle of the output light of model.
When the fitness function becomes smaller, it means that the actual output angle of the device
is getting closer to the ideal output angle, and that the device can achieve better performance.
Third, GA is used to iteratively optimize the device and repeat the evaluation and optimization
process until the optimal solution is obtained. At last, the material distribution of structures will
gradually become irregular towards the direction of reducing the fitness function during the iterative
calculation process.

3. Various Arbitrary-Elliptical-Polarization Converters
From the definition of ellipticity angle, the range of incident angle and output angle is between −45
degrees and 45 degrees. In order to achieve arbitrary-elliptical-polarization converters covering
full polarization states, 121 devices were calculated for the mosaic structure and the arbitrary
hexagonal structure. The materials of the polarization converters can be determined according
to actual needs, of which high refractive index materials are preferred, such as GaP, GaAs, GaN,
etc. Here, a dielectric material with a refractive index of 3.45 and air with a refractive index of 1.0
are used to design the structure, and the wavelength is set to 630 nm.

3.1 Arbitrary-Elliptic-Polarization Converters with Different Structures

The structure of arbitrary-elliptic-polarization converter with mosaic structure is shown in the
Fig. 2(a). The design region is divided into 100 equal parts, and then introduce a 100-dimension-
matrix which consists of “0”s and “1”s. The 100 dimensions signify 100 units of design region, and
“0” represents material air, and “1” represents a dielectric material with a refractive index of 3.45.
The arrangements of “0” and “1” in the matrix symbolize the material distribution of the model.

Fig. 2(b) represents the performance of the mosaic structure devices. The x-coordinate in the
figure denotes the designated ellipticity angle of the incident light. The y-coordinate denotes the
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Fig. 3. (a) The changing process of structure during the iterative optimization process. (b) Rainbow
image shows the function of all 121 arbitrary hexagon structure devices. (c–e) Devices that realize the
function of elliptical polarization conversion. Conversion of ellipticity angle (c) from −45° to 45° (d) from
0° to −45° (e) from 20° to −30°.

ideal output angle of light, which means the ellipticity angle of the output light that the device
needs to convert to. In other words, the designated ellipticity angle of the incident light and the
ideal output light determine the function that the device achieve. The color of each pixel in this
figure corresponds to the color scale on the right side. It represents the actual ellipticity angle of
the output light, which is the simulation result of the optimized device achieved by the algorithm.
The pixel point circled in green in Fig. 2(b) represents the device with the incident angle of −45
degrees, and the ideal output angle of 45 degrees, as shown in Fig. 2(c). The actual output angle
of the device differs by 1.39 degrees from the ideal output angle, which means the actual output
angle is 43.61 degrees. For the pixel point circled in red in Fig. 2(b), which has been shown in
Fig. 2(d), it represents the device with the incident angle of 0 degree, and the ideal output angle of
−45 degrees. The actual output angle of the device differs by 1.81 degrees from the ideal output
angle, which means the actual output angle is −43.19 degrees. Similarly, Fig. 2(e) represents the
device which has been circled in yellow in Fig. 2(b). This pixel point represents a device with the
incident angle of 20 degrees, and the ideal output angle of −30 degrees. The actual output angle
of the device differs by 0.19 degrees from the ideal output angle, which means the actual output
angle is −29.81 degrees. The above results are achieved on a personal computer with Intel (R)
Core (TM) i5-10210U CPU at 2.11 GHz, and 8 GB installed memory (RAM). In this circumstance,
it takes less than 40 minutes for each device to get satisfying function.

The structure of arbitrary-elliptic-polarization converter with hexagonal structure is shown in
the Fig. 3(a). The design region of this structure is divided into 4 × 4 units, and generate an
irregular hexagon in each unit. The material of 16 hexagons is set as air, and the rest of the design
region is a dielectric material with a refractive index of 3.45. The coordinates of the six vertices
of each hexagon are set as variables, and then use the algorithm to determine all variables.
The device performance of the arbitrary hexagon structure optimized by the algorithm is shown
in Fig. 3(b). Compared with the mosaic structure of the rainbow image, it can be seen that the
arbitrary hexagonal structure of the device has better performance. This is mainly because the
structure receives less constraints, so it is easier to find devices with better performance when
using algorithm design. As shown in Fig. 3(c), the pixel point circled in green in Fig. 3(b) indicates
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Fig. 4. (a) The function of the material with a refractive index of 3.0. (b) The function of the material with
a refractive index of 4.0. (c) The function of the working wavelength 550 nm.

the device with the incident angle of −45 degrees, and the ideal output angle of 45 degrees. The
actual output angle of the device differs by 0.73 degrees from the ideal output angle, which means
the actual output angle is 44.27 degrees. Fig. 3(d) represents the device which has been circled in
red in Fig. 3(b). This pixel point represents a device with the incident angle of 0 degrees, and the
ideal output angle of −45 degrees. The actual output angle of the device differs by 0.83 degrees
from the ideal output angle, which means the actual output angle is −44.17 degrees. The pixels
circled in yellow in Fig. 3(b), which have been shown in Fig. 3(e), represent the device with an
incidence angle of 20 degrees and an ideal output angle of −30 degrees. The actual output angle
of the device differs by 0.03 degrees from the ideal output angle, which means the actual output
angle is −29.97 degrees.

3.2 Elliptic Polarization Conversion for Different Materials and Different Wavelengths

In order to study the universality of the design method based on the constructed optimization
algorithm, the mosaic structure is used to further calculate the ellipticity angle conversion of
different materials and different wavelengths. Due to the high degree of freedom of the optimization
algorithm, the structure, material and working band of the equipment can be set in a wide range,
which means that the function of the device depends on the needs of the designer. As shown in
Fig. 4, after changing the materials and working wavelength, the calculated results of the devices
remain satisfying. Red points and orange points in Figs. 4(a) and 4(b) show the functions of some
devices when the refractive index of the material is respectively 3.0 and 4.0, which proves that
the manufacturing method of the device provided in this letter is also suitable for Materials with
a refractive index other than 3.45. Besides, the wavelength of incident light can also change
according to designers’ need. As an example of that, the optimization results of working wavelength
550 nm are presented the green points in Fig. 4(c). This design method is reliable for different
materials and different wavelengths.

3.3 Three-dimensional Arbitrary-Elliptic-Polarization Converter

Considering the practical applications, a 3D structure has been further designed and calculated
based on the above algorithm to realize arbitrary-elliptic-polarization converter, as shown in
Fig. 5(a). The three-dimensional arbitrary-elliptical-polarization converter is divided into two layers,
the top layer (purple) is silicon with the thickness of 220 nm, and the bottom layer (gray) is silica with
the thickness of 500 nm, and the hexagonal apertures (white) on silicon layer is air. The elliptically
polarized light of angle A is incident and after passing through the design region, it is converted
into elliptically polarized light of angle B.

Fig. 5(b) shows a device with an incidence angle of −45 degrees and an ideal output angle of
0 degrees, the right figure shows the elliptical polarization angle of the emitting part. The actual
output angle of the device differs by 0.51 degrees from the ideal output angle, which means the
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Fig. 5. (a) Three-dimensional arbitrary-elliptic-polarization converter structure. (b–c) Devices that real-
ize the function of elliptical polarization conversion. Conversion of ellipticity angle (b) from −45° to 0°
(c) from 20° to −30°.

actual output angle is −0.51 degrees. Fig. 5(c) shows a device with an incidence angle of 20
degrees and an ideal output angle of −30 degrees, the right figure shows the elliptical polarization
angle of the emitting part. The actual output angle of the device differs by 0.09 degrees from the
ideal output angle, which means the actual output angle is −30.09 degrees.

4. Conclusion
In conclusion, we have designed on-chip ultra-small arbitrary-elliptical-polarization converters
based on optimization algorithm by combining GA and FEM. The function of the devices is the
conversion of any ellipticity angle covering full polarization states, which can make full use of
the polarization information carried by the polarized light. The device is designed as an on-chip
structure with an ultra-small size of 1 µm × 1 µm, which is very conducive to high-intensity chip
integration. Moreover, the optimization algorithm used to optimize the structure of device in the
design process is universal, this method could be used to design devices with other structures,
materials, and functions, which means it has broad application prospects in the design of photonic
devices. This work provides an efficient way to realize nanophotonic arbitrary-elliptical-polarization
converter based on optimization algorithms, and provides a new way for the realization of nanopho-
tonic devices.
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