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Dual Polarization and Bi-Directional
Silicon-Photonic Optical Phased Array

With Large Scanning Range
Shi Zhao , Jingye Chen , and Yaocheng Shi , Member, IEEE

Abstract—We propose a large scanning range silicon optical
phased array (OPA), which is polarization multiplexed and bi-
directional with only one waveguide grating antenna array. Mach-
Zehnder interferometers (MZIs) and polarization splitter-rotator
(PSR) are utilized to select the polarization states and propagation
directions of the input light to the waveguide grating emitter array.
By optimizing the parameters of the waveguide grating, the longi-
tudinal far-field steering range is increased by four times compared
to that of the conventional ones among the same wavelength range.
The simulation results show that the 54.5° longitudinal scanning
range could be realized with the tuning wavelength ranging from
1500 nm to 1600 nm. The high wavelength tuning efficiency is up
to 0.545 °/nm. The beam steering range in the lateral direction is
77.8° via phase tuning.

Index Terms—Optical phased array, silicon-on-insulator, silicon
photonics.

I. INTRODUCTION

THE silicon-on-insulator (SOI) is an attractive platform for
high-density integration due to its complementary metal

oxide semiconductor (CMOS) compatibility [1]. The integrated
optical phased array (OPA) based on SOI platform has the
advantages of low cost, easy integration and high stability, which
could be a significant component in light detection and ranging
(LiDAR) system [2]. In order to obtain two-dimensional (2D)
beam steering, one way is to use phase tuning in both dimension
[3], [4]. However, each phase element should be independent,
which makes the phase control system and waveguide arrange-
ment complicated. Furthermore, the large spacing between the
array emitters severely limits the beam steering angle. Another
commonly used method is to introduce wavelength tuning using
waveguide grating into the one-dimensional (1D) OPA [5]–[11],
thus 2D beam steering is realized by combining wavelength and
phase tuning. However, the wavelength tuning range is usually
∼100 nm, corresponding to the steering angle ∼14° [8], [9],
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limited by the working bandwidth of the light source and the
key components such as the power splitters. Four OPAs with
different output grating emitter arrays are integrated in a single
chip to increase the wavelength tuning efficiency [11]. By using
the optical switches to select different emission gratings, the
total scanning angle reaches 28.5° with wavelength ranging
from 1520 nm to 1570 nm. Although such multi-lines OPA
can overcome the limitation of steering angle caused by limited
bandwidth, the complexity of the chip is increased dramatically.

By introducing dual polarization, the deflection angle can be
approximately doubled. Due to the significant birefringence, the
SOI-based waveguide is usually polarization dependent [12]. As
shown in the reference [10], a feasible solution is to combine
polarization control devices and OPA to realize large range
continuous scanning by optimizing the parameters of waveguide
grating so that the steering angle for the fundamental transverse
electric mode (TE0) is adjacent to that of the fundamental
transverse magnetic mode (TM0). In this paper, we propose
a polarization multiplexed OPA with a bi-directional shared
grating emitter array to further improve the longitudinal steering
angle and wavelength tuning efficiency. Two identical OPAs are
placed on each side of the emitter array. Two-stage MZIs are used
to select the directions and polarization states of the light injected
into the emitter array. By optimizing the waveguide width and the
grating period, dual polarization multiplexed and bi-directional
OPAs could complement blind area in the scanning range. Based
on such design, the total longitudinal scanning angle reaches
54.5° with the wavelength scanning range from 1500 nm to
1600 nm. The lateral steering range is ∼77.8° by using phase
tuning with a waveguide interval 1.2 μm.

II. DESIGN AND ANALYSIS

The schematic diagram of the proposed dual polarization mul-
tiplexed OPA is shown in Fig. 1(a), which consists of two Mach-
Zehnder interferometers (MZIs), polarization splitter-rotator
(PSR) and two OPAs. Fig. 1(b) shows the cross section view
of the optical waveguide. The SOI platform with a 340 nm-thick
core silicon layer and 2μm-thick buried oxide layer is considered
in this work. The waveguide width Wwg is designed to be 400 nm
to ensure the fundamental-mode propagation. The TE polarized
light is injected from the input grating. The first stage MZI (MZI
Ⅰ) switch is used to determine the light propagation direction.
When it is on, the light injects into emission grating from the left
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Fig. 1. Schematic diagram of the proposed bi-directional dual polarization
multiplexed OPA. (a) 3D view; (b) Cross section view of waveguide; (c) Top
view of the waveguide grating emitter.

side, otherwise from the right side. The second stage MZI (MZI
II and II’) together with the reversed PSR [13] constitutes the po-
larization selector. The switch state of the MZI could determine
which port light enters the reversed PSR. When the light is from
the upper port, the TE polarization light will be converted into
TM polarization light after passing through the PSR. When the
light is from the lower port, the polarization state will remain
unchanged. Therefore, both the propagation direction and the
polarization state can be controlled by the switch states of the
two-stage MZIs. The top view of the waveguide grating emitter
is shown in Fig. 1(c). The left-hand side is the negative angle of
θ, and the right-hand side covers the positive angle (shown in
Fig. 1(a)). The longitudinal beam steering angle of the grating
emitter is determined by the following equation:

sin θ=
Λneff − λ0

nbgΛ
(1)

Where Λ is the grating period, neff is the effective index
of the guiding mode. nbg is the background index. Here the
background is air, thus, nbg = 1. λ0 is the wavelength of the
incident light. According to (1), the longitudinal beam steering
angle is determined by the grating parameters and operating
wavelength. Once the grating structure parameters are deter-
mined, the longitudinal beam steering in a certain range can be
realized by adjusting the working wavelength. Fig. 2(a) shows
calculated effective index of the TE0 mode and TM0 mode with
different waveguide widths from 0.4 μm to 1.5 μm. The differ-
ence of neff between the TE0 and TM0 modes increases gradually
with the waveguide width and tends to be stable. Because of
the large polarization dispersion of waveguide for the silicon
waveguide, the deviation of the far-field beam scanning angle for
different polarization states is large, and the far-field continuous
scanning cannot be realized by just adjusting the wavelength.
Thus, conventional OPA operates in a specific polarization state
only with an angular deflection of about ∼14° in ∼100 nm
wavelength range [8], [9]. Here, we make reasonable use of
waveguide polarization dispersion to achieve large longitudinal
scanning range. Two identical OPAs are placed on either side
of the grating emitter. When the light is incident from the right

Fig. 2. (a) The effective index of the TE0 mode and TM0 mode with different
waveguide widths from 0.4 µm to 1.5 µm. (b) The flow chart of the longitudinal
beam angle optimization process. (c) The longitudinal beam angle for two
polarization states with different waveguide width from 0.4 µm to 0.9 µm.

OPA, the far field angle is symmetric with that of the left OPA
about the θ = 0° plant under the same condition. Therefore, the
longitudinal beam steering angle for the right OPA is determined
by the following equation:

sinR(θ) = −Λneff − λ0

nbgΛ
(2)

In order to achieve large scanning range without blind areas,
the far-field steering angle of OPAs should satisfy the following
conditions:

θL,TE (1600) ≤ θR,TE (1600) (3)

θL,TE (1500) ≥ θR,TM (1500) (4)

Where θ L, TE (1600) refers to longitudinal beam steering
angle of the left OPA with wavelength λ0 = 1600 nm. The others
parameters are similarly named. The (3) and (4) could ensure
that the far-field scanning range of TE polarization of one OPA
can completely cover the interval between the far-field scanning
range of two polarization states of the other OPA.

The device is simulated and optimized using the three-
dimensional finite-difference time-domain (3D-FDTD) method.
The etching depth is chosen to be Hetc= 70 nm. The duty cycle is
0.5. To satisfy (3), we fix θ L, TE (1600) around−2°. A 4° of far-
field overlap around 0° could provide large fabrication tolerance
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Fig. 3. (a)–(d) The scanning range for different states of MZIs. (e) The total
longitudinal scanning range of the proposed polarization multiplexing OPA.

for the emission grating without wasting much steering range.
Firstly, the neff of TE polarization corresponding to the grating
parameters can be calculated as neff =(sinθ·nbg·Λ+λ0)/Λ ac-
cording to (1). Then the calculated neff is returned to (1), and
the period to be solved can be calculated as followingΛ=λ0/(neff
-sin(−2°)·nbg). Finally, the longitudinal scanning range of two
polarization states for left OPA with θ L, TE (1600) fixing around
−2° is calculated as shown in Fig. 2(c). Fig. 2(b) shows the
optimization process in detail. The waveguide width Wgrt varies
from W0 = 0.4 μm to W1 = 0.9 μm with a step ofΔW= 0.1 μm.
In Fig. 2(c), the dashed and solid lines represent the variation of
θ with the waveguide width Wgrt when the operating wavelength
is 1500 nm and 1600 nm. The blue and red lines refer to the two
polarization states. The interval between the solid and dashed
lines of the same color represents the range of the longitudinal
beam steering angle that can be covered, and the interval between
the solid line and dotted line of different colors represents the
blind area of scanning range. As the waveguide width increases,
the distance between the corresponding deflection ranges of the
two polarization states is gradually separated. To satisfy (4), the
waveguide width is chosen to be Wgrt = 0.6 μm considering
the trade-off between the scanning range and the fabrication
feasibility. According to (1), the grating period is calculated to
be Λ = 574 nm. The transmission of four different OPA states
is represented by blue, green, pink and purple respectively. As
shown in Fig. 3(a)–(d), the scanning range for different on/off
states of MZIs are (− 1.7°, 12.6°), (−27.3°, −8.7°), (−12.6°,
1.7°) and (8.7°, 27.3°) respectively. Combining the four states,
the proposed dual polarization multiplexed and bi-directional

Fig. 4. (a)–(d) Calculated longitudinal scanning range with deviated wave-
guide width or etching depth.

Fig. 5. The simulated upward emission efficiency of emission grating.

OPA achieves free-space beam steering in longitudinal dimen-
sion with 54.5° field of view.

However, the variation of waveguide width and etching depth
will affect the effective refractive index of the guide mode and
change the far-field beam steering angle. In order to overcome
the effect of the fabrication error, we reserve overlap region of 4°
at the three splices, which are located at −10.5°, 0°, and 10.5°,
for the designed grating emitter. The total longitudinal scanning
range for the emission grating are calculated with deviated
waveguide width or etching depth, as shown in Fig. 4(a)–(d). By
changing the grating parameters, the proposed OPA could works
normally with no blind area appearing between the maximum
and minimum angles of the scanning range. Large scanning
range of > 50.3° can still be achieved with �Wgrt = ±30 nm
or Hetc = ±10 nm.

Fig. 5 shows the upward emission efficiency (UEE) of the
grating emitter with different polarizations and incident direc-
tions. In order to obtain higher upward efficiency, the OPA state
with higher efficiency is selected as the UEE of the system in
the overlap region. Therefore, the UEE of the proposed OPA
is greater than 0.3 with the longitudinal steering angle ranging
from −27.3° to 27.3°, which is shown in Fig. 5.
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Fig. 6. The crosstalk of adjacent and sub-adjacent waveguides for TE0 (a) and
TM0 (b) With the waveguides spacing of 1.2 µm and length of 100 µm. The
inserted figures are the light propagation profiles at waveguide of 1550 nm.

Fig. 7. The far field distribution for the proposed OPA with different wave-
length and phase shift.

TABLE I
COMPARISON PERFORMANCES OF THE OPAS IN THE DIRECTION OF

WAVELENGTH TUNING∗

∗All the data in table are simulation results.

In the lateral direction, the beam steering is achieved by
changing the phase difference between adjacent waveguides.
The narrower the waveguide spacing is, the larger the field of
view without grating lobes can be obtained [14]. When the
waveguides are spaced at half of the operating wavelength,
there is only one main lobe at ± 90° field of view [14], [15].
However, the crosstalk between waveguides increases when the
waveguides get closer [16]. Considering the tradeoff between
scanning range and crosstalk, the waveguide interval is chosen
to be lgrt = 1.2 μm. The waveguide grating emitter length is
chosen to be 100 μm to ensure that most of the light could be
radiated upward through the emitter grating. Here, we denote
the Insertion loss (IL) and crosstalk (CT) as:

IL = 10log10Twg0 (5)

CT1(2) = 10log10Twg1(2) (6)

Where the Twg0 is the transmission of the incident waveguide,
and Twg1 (Twg2) is the transmission of the adjacent and sub-
adjacent waveguides. As shown in Fig. 6(a), one can find that
the crosstalk of adjacent and sub-adjacent waveguides for TE0

are below − 30 dB and − 70 dB with wavelength ranging from
1500 nm to 1600 nm. For the conventional directional coupler,
the coupling strength for TM polarization is much higher than
that of TE polarization [17]. Hence, the crosstalk of TM0 is
higher than TE0. However, the crosstalk can still remain below
− 16 dB, as shown in Fig. 6(b).

The whole grating emitter is also calculated by using 3D-
FDTD. The number of emitter array element is set to be 16.
In lateral direction, the large separation, greater than half a
wavelength, will cause unwanted high order grating lobes in the
far field [15]. When the phase difference between the adjacent
waveguides is ± π/2, the two grating lobes are axial symmetry.
Fig. 7 shows the simulated far-field distribution for the proposed
OPA with the wavelength and phase shift at certain values, such
as (1.6 μm TM, left, ± π/2), (1.6 μm TM, left, 0), (1.58 μm
TE, ± π/2), (1.58 μm TE, 0), (1.6 μm TM, right, ± π/2) and
(1.6 μm TM, right, 0), respectively. The calculated result in-
dicates that the scanning range is up to 54.5° × 77.8°. The
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full width at half maximum (FWHM) of the longitudinal and
lateral beam are calculated to be ∼ 2 ° and ∼ 3.6 °, which
could be further improved by reducing grating strength [18] and
increasing the number of waveguides.

III. CONCLUSION

In conclusion, we propose and design a dual polarization
multiplexed and bi-directional silicon OPA with a shared emitter
array. Two identical OPAs connected by MZI switches are placed
on either side of the emitter array. The two-stage MZI is used
to select the propagation direction and polarization state of light
propagated in the emitter. The beam of the two OPAs with only
one emitter array can be steered without blind area in the field
of view and achieve a large scanning range. From the simulation
results, one can find that the total scanning range of 54.5°×77.8°
can be achieved by combining wavelength tuning and phase
tuning. We also summarize the performances of the reported
state-of-the-art OPA in Table I. The wavelength tuning efficiency
can be improved by increasing the number of emitters [11], [19]
or introducing polarization multiplexing [10], [19]. To the best of
our knowledge, the proposed dual polarization and bi-directional
OPA could obtain the higher wavelength tuning efficiency of
about 0.545 °/nm with only one waveguide grating antenna
array. The FWHM for the longitudinal and lateral direction are
calculated to be ∼ 2° and ∼ 3.6°. The emission gratings can be
fabricated friendly with a large fabrication tolerance. We believe
the proposed OPA could be further improved in beam steering
range and resolution, making it promising to be applied in the
optical communication and LiDAR.
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