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Abstract: We propose the silicon photonic optical phased array (OPA) with large scan-
ning angle by using polarization multiplexing. A Mach-Zehnder interferometer (MZI) switch
together with a polarization splitter/rotator is utilized to select the polarization mode input
to the OPA. By optimizing the OPA grating emitter, the steering angle can be doubled with
the input of the TE/TM polarization modes. An 1 x 16 silicon-based optical phased array
with polarization multiplexing is designed as an example. The simulation results show that
77.4° lateral beam steering with no sidelobes via phase tuning and 28.2° longitudinal beam
steering via wavelength tuning can be realized.

Index Terms: Optical phased array, polarization multiplexing, photonic integrated circuits.

1. Introduction

The integrated optical phased array (OPA) has been extensively studied due to its solid-state beam
steering capability, which is a good prospect in the fields of light detection and ranging (LiDAR),
free space optical communications, and also laser display [1]-[3]. The OPA based LiDAR has the
advantages of low cost, high stability, and easy for monolithic optoelectronic integration [1]. In
current integrated OPA, although the size of the array and the number of elements continue to
increase [4]-[5], the beam quality and the steering angles are still limited [6]. In order to realize the
angular steering of the OPA in two-dimensional (2D) space, currently there are two main methods:
one is to directly realize the OPA emitter arranged in a 2D array [7]; the other is to tune the scanning
wavelength with the one-dimensional (1D) grating array to achieve the 2D steering. For the OPA
with 2D emitter array, it will be difficult to achieve a large beam steering angle since the pitch of
the emitter array cannot be too small due to the crosstalk [8]. Thus, 1D grating array together with
wavelength tuning is mostly adopted to realize the 2D beam steering. Regarding the beam steering
in the longitudinal dimension, the steering range will be limited by the wavelength tuning range of
the tunable laser source. A tunable laser with the 100nm tuning range can generally achieve a

Vol. 13, No. 2, April 2021 6600506


https://orcid.org/0000-0003-3994-8934
https://orcid.org/0000-0002-2769-3009
https://orcid.org/0000-0003-4489-8310

IEEE Photonics Journal Polarization Multiplexing Silicon-Photonic Optical Phased Array

|
- —
D . —
\ = g —
|| / Nl L P e — Eee——
=> \ N - = )— 1 ...
TEo 7 - = } =——
\ = — ‘: 7 —
| - |  S—
=
Mz PR+PBS Power Splitter I Emitters |
1

|
Phase shifters

Fig. 1. The schematic of the proposed polarization multiplexed OPA.

beam steering angle of ~14° [9]-[12]. There is also longitudinal beam steering by thermo-optical
tuning of the grating emitter area, but the steering angle can only reach 10° [13].

In this paper, we propose a 2D OPA with large steering angles by utilizing polarization multiplex-
ing [12]. The polarization mode selection is realized by using a Mach-Zehnder interferometer (MZI)
based switch combined with a polarization splitter/rotator [14]. Thus, the scanning angle of the OPA
emitter can be expanded by switching between the two polarizations as the input of the OPA. The
2D OPA with 16 silicon waveguide arrays is designed as an example. The simulation results show
that the longitudinal steering angle can reach 28.2° through the polarization multiplexing. While the
lateral steering angle can maintain as large as 77.4° by using the phase tuning with a waveguide
pitch down to 1.2 pm.

2. Design and Analysis

The schematic of the proposed polarization multiplexed OPA is shown in Fig. 1. The designed
OPA can be divided into two parts: the polarization selection section and the OPA section. The
polarization selection section composes of a switch based on MZI and a polarization splitter/rotator
(PSR), which is used to switch between the two polarizations. For the OPA section, it consists of
1 x N power splitters, N phase shifters and the grating emitters.

The 2D beam steering is realized by combining the phase tuning and the wavelength tuning. We
expect to use the polarization multiplexing to expand the longitudinal steering beam angle. When
the wavelength of the input light is tuned, the output angle for the grating emitter will be changed
accordingly. Thus, the longitudinal beam steering properties are mostly determined by the structure
of the grating emitters. The grating emitters based on silicon-on-insulator (SOI) waveguides are
usually polarization sensitive. Thus, the longitudinal beam steering range of the OPA is aimed
to be doubled if the steering angles for the two polarizations can be fully utilized. To ensure the
working wavelength around 1550nm and also the fabrication feasibility, the parameters for the
grating emitters are chosen as follows: grating period of 800 nm, etching depth of 70 nm, and duty
cycle of 0.5. The scanning angle for the grating emitter is determined by the following equation:

Anett — Ao
Nt A '

sing = (1)
where A is the period of the grating, A is the freespace wavelength, n.g the effective index of the
guided mode, and n; the refractive index of the background, which is the air in this case. The beam
scanning ranges of the fundamental TE mode and TM mode are calculated for the grating emitters
with waveguide width w = 400 nm and different silicon thickness h (most often used ones: 220 nm,
250 nm, 300 nm, 340 nm) and the obtained results are shown in Fig. 2. With the increase of the
silicon thickness, the beam steering ranges of the two polarization modes gradually approach each
other. The reason for this is the refractive index difference of the two polarizations will reduce with
the increase of the silicon thickness. From Fig. 2(d), one may find that the steering angle for the
TE fundamental mode is adjacent to that of the TM fundamental mode for the grating emitter with
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Fig. 2. Scanning range of gratings of different heights in two polarization modes. (a) 220 nm, w =
400 nm. (b) 250 nm, w = 400 nm. (c) 300 nm, w = 400 nm. (d) 340 nm, w = 400 nm. (e) 340 nm, w =
380 nm. (f) 340 nm, w = 420 nm. (g) The emission efficiency of the grating.
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Fig 3. (a) Far field of 1600 nm TE fundamental mode. (b) Far field of 1500 nm TM fundamental mode.
(c) Beam steering range of 340 nm SOI grating emitter in two polarization modes.

a silicon thickness of 340 nm. Within 20 nm variation of the waveguide width, the grating emitter
can achieve continuous field of view with TE; and TM, in the range of 1500 nm to 1600 nm. The
steering angle for TE mode is from 37.6° to 21.1°, while the steering angle for TM mode is from
25.6° to 9.4° with a scanning wavelength range from 1500—-1600nm. It is clearly showing that the
scanning range can be almost doubled compared to the OPA working at a single polarization. The
Fig. 2(g) show the emission efficiency of the grating, which is about 12.6%.The calculated far field
distribution and the steering angle are shown in Fig. 3.

To ensure an efficient on-chip polarization switching, a polarization selection section is designed
to switch between the two polarization modes. The polarization selection section consists of a MZI
switch [14], [15], a polarization rotator (PR) and a polarization splitter (PBS). Fig. 4 shows the
detailed structure of the polarization selection. The MZI switch is utilized to select the output from
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Fig 4. (a) 2D top view and 3D diagram of the polarization rotator. (b) Calculated transmittance spectra
of PR for TE to TM over 1500-1600 nm wavelength range. (c) 2D top view and 3D diagram of the
polarization beam splitter. (d) Calculated transmittance spectra of PBS for TM /TE over 1500—1600 nm
wavelength range.

the two ports, and it has an extinction ratio of >20 dB within 1500-1600 nm. A pentagonal groove
structure is utilized to realize the polarization rotation with a large enough working bandwidth [16].
The designed parameters are as follows: w; = 350 nm, wy, = 4.7 um, w3 = 50 nm, w, = 150 nm.
The etching depth of the groove is 150 nm. A three-waveguide asymmetric coupler [18] is used to
realize the polarization beam splitting. When the TE input mode is launched and output from the
upper port of the MZI switch, it will output from the PSR as the TE; mode. While if a = phase shift
is applied to the MZI switch, the TE, input mode will output from the lower port of the MZI switch
and then converted to be TMy mode by the PR. With such a configuration, the two polarizations
can be then selected as the input for the cascaded OPA. Fig. 4(a) and (c) shows the diagram of
the polarization rotator and the polarization beam splitter. The detailed parameters are as follows:
w5 = 340 nm, wg = 830 nm, w; = 2.2 um, wg = 200 nm, L; = 8.2 um, Ly, = 10 um. Fig. 4(b) and
(d) show the calculated transmission transmittance spectra for the PR and PBS, respectively. The
PR has an extinction ratio of >22 dB in 100 nm wavelength band. Low loss can be achieved over
a large 1 dB bandwidth over 100 nm.

The phase tuning is applied to achieve the beam steering in the lateral direction. The intervals
between the emitter waveguide arrays are important for the steering properties. When the interval
is larger than A/2, typical unwanted side lobes will be generated [17]. However, smaller interval may
introduce crosstalk. For one-dimensional steering waveguide arrays, waveguides of different widths
can be alternately arranged to reduce the crosstalk, thereby reducing the interval and enabling a
wide range of lateral steering angles [18].The OPA formed by using a grating emitter array can also
expand its lateral scanning range in the same way, but grating emitters of different widths need
to be designed with different parameters to maintain the same emitting angle [19]. For different
wavelength, the emitting angle of different gratings will be different which will limit its angular range
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Fig. 5. The schematic of the grating emitter.
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Fig. 6. (a—d) The far field distribution for the OPA at different working wavelength (longitudinal steering,
the phase shift remains at 0°). (e—h) The far field distribution for the OPA at different phase shift (lateral
steering, the working wavelength remains at 1550 nm).

in the longitudinal steering dimension. In order to achieve a larger lateral steering angle for OPA,
the interval between the waveguides should be as small as possible. Thus, a uniform waveguide
array with an interval of 1.2 umis utilized in our design. With such design, a relatively large steering
angle without sidelobes can be achieved and the crosstalk of the grating array is less than 30 dB.
Fig. 5 shows the schematic of the grating emitter array. 3D FDTD is performed to calculate the
beam steering property of the whole OPA. The calculated results show that the maximum steering
range in the lateral direction is —38.7° to 38.7°. The calculated far field distribution is shown in
the Fig. 6, with the smallest lateral beam width of ~4° and an average longitudinal beam width of
~2°. The emission efficiency of the grating coupler can be improved by adding a metal reflector or
distributed Bragg reflector (DBR) underneath the grating emitter [20], [21]. The calculated loss of
the entire OPA system is about 11.3 dB (0.5 dB from the MZI switch, 0.6 dB from PR, 0.6 dB from
PBS, 1.2 dB from MMI couplers and 9 dB from the grating emitter), which can be optimized further.

3. Conclusion

In conclusion, we proposed a design of a polarization multiplexed silicon-based 2D optical phased
array. A polarization selection section consists of a MZI, a PR, and a PBS is utilized to achieve
efficient switching of the output polarization mode. In application, the OPA firstly has a polarization
selection with the MZI switch, then the phase of thermo-optical phase shifters will be controlled
for lateral beam steering and the wavelength will be controlled with a tunable laser for longitudinal
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beam steering. With such a design, the scanning angle in the longitudinal direction extends by
nearly twice to the one working at one polarization state. A 2D OPA with 16 waveguide arrays is
designed as an example. The calculation results show that a steering angle of 77.4° x 28.2° can
be achieved and can be extended by larger range of wavelength tuning. We believe that it has the
potential application in the on-chip OPA.
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