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Two-Dimensional High-Efficiency Transceiver
Integrated Optical Phased Array With

Dual-Port Antenna
Yaoyuan Zhang , Rui Wang , and Ming Wei

Abstract—We propose a 1 × 32 silicon photonics transceiver
integrated optical phased array (OPA) with a large scanning angle.
It can process receive and transmit signals simultaneously, which
effectively increases the on-chip signal transmission efficiency. The
simulation shows that the phase-tuned 62.2° lateral beam steering
without grating lobe and the wavelength-tuned 31.2° longitudinal
beam steering can be achieved in the transmitting mode, and the
overall optical loss is less than 9.1 dB. In the receiving mode, the
combination of the two detection methods reduces the complexity of
the system while ensuring the sensitivity of the system. According to
statistics, an effective collection area of 43.3% per unit area can be
achieved in the receiving mode, which provides a reliable guarantee
for subsequent high-quality signal processing.

Index Terms—Optical phased array, transceiver integration,
silicon photonics integration, beam steering.

I. INTRODUCTION

I T IS extremely important to achieve accurate control of the
beam steering for most of the current optical systems. Most of

the traditional structures use lenses or mechanical structures to
achieve beam control, but the traditional solutions are relatively
cumbersome and costly. Therefore, the silicon-based optical
phased array (OPA) offers a solution to this problem. Integrated
OPA has been extensively studied due to its solid-state beam
steering capability [1], [2], which has promising applications
in laser detection and ranging (LiDAR) [3], free-space optical
communications [4], and laser displays [5]. OPAs can accurately
steer the beam by precisely controlling the phase of each ar-
ray element. In recent years, a large number of studies have
been carried out on the emission structure of OPAs. There are
two ways to achieve two-dimensional scanning of OPA, one-
dimensional linear array structure combined with wavelength
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tuning [6], [7], [8] and two-dimensional precision control [9] for
each antenna element by designing a two-dimensional antenna
array. On this basis, non-uniform arrays optimized by various
algorithms are proposed to enhance the directivity of OPAs [10],
[11]. At the same time, the receiving OPA module can collect
light from any desired direction selectively. It can also reject
unwanted light from other directions, multipath reflections, and
even active jammers. These spatially selective receptions are
of great value in many applications. In the previous literature
[12], they reported the first monolithic OPA transceiver with
independent control of amplitude and phase for each element.
However, this structure directly detects the optical signal based
on the reciprocity of the optical path and is easily affected by
other interference sources due to the weak received signal. At the
same time, there have been reports on the coherent reception of
OPAs in recent years [13]. Coherent detection can improve the
detection sensitivity, and it can realize the directional detection
of the optical signal at the same time. Studies have shown that
the antenna elements need to maintain a certain distance to avoid
excessive crosstalk, so a large amount of energy will inevitably
enter the substrate in the receiving process. As a result, within
the controllable range of crosstalk between antennas, the denser
the antenna array is, the stronger the optical power received by
the antenna. At present, the antenna size of the two-dimensional
antenna array is relatively small, and the two-dimensional an-
tenna array is usually designed with the phase shifter close to
the antenna, which will inevitably lead to a small fill factor of
the antenna array. The one-dimensional antenna array structure
has a relatively large antenna size, and the phase-modulator does
not need to be in close contact with the antenna structure, so the
array fill factor is larger than the 2D arrays.

In this paper, we propose a large-angle two-dimensional
transceiver integrated OPA. It can double the antenna field of
view by antenna counter-incidence combined with wavelength
tuning. The structure can process receive and transmit signals
simultaneously, which effectively increases the on-chip signal
transmission efficiency. While it can realize the independent
switching of OPA reception and transmission functions by con-
trolling the on-off of the optical path through the Mach-Zehnder
optical switch which improves the degree of freedom of on-chip
control and the efficiency of signal transmission. At the same
time, it can improve the on-chip integration effectively compared
to traditional transceiver discrete structures. The simulation
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Fig. 1. Schematic diagram of the integrated structure of the OPA transceiver.

results show that the longitudinal steering angle of 31.2° can
be achieved by wavelength tuning of the dual-port antenna in
transmit mode, and the lateral steering angle of 62.2° can be
achieved by phase adjustment. What’s more, the overall optical
loss is lower than 9.1 dB. In the receiving mode, we combine
the two receiving methods, which can improve the accuracy
of the received signal as much as possible while ensuring the
receiving sensitivity. For the receiving antenna, we utilize the
one-dimensional corrugated antenna to maximize the antenna
receiving efficiency while ensuring the scanning angle. Statistics
show that it can achieve an effective collection area of 43.3% of
the unit receiving area, which provides a reliable guarantee for
the high-quality processing of subsequent optical signals.

II. DESIGN AND ANALYSIS

The schematic diagram of the proposed dual-mode antenna
transceiver integrated OPA structure is shown in Fig. 1. The
structure can realize the functions of receiving and trans-
mitting optical signals at the same time. It is divided into
three modules, a 1 × 8 transmitter module, a 1 × 8 re-
ceiver module, and a 1 × 16 transmitter/receiver module.
The overall structure can achieve twice the field view of the
antenna through the dual-port opposite incidence. Under the
1× 8 transmitter module, the optical signal is input into the opti-
cal waveguide through the grating coupler and evenly distributed
by the MMI beam splitter array. Then the optical phase is mod-
ulated by the modulator array composed of Titanium heaters.
Finally, the optical signal is emitted into free space through
the corrugated grating antenna. Since the grating antenna is
a wavelength-sensitive device, it can achieve two-dimensional
control of the beam through lateral wavelength tuning and
longitudinal phase tuning. Under the 1 × 8 receiver module,
we adopted the coherent detection method. The reference light
enters the waveguide through the grating coupler and is evenly
distributed by the MMI beam splitting array. After modulation
by the phase modulator, it is mixed with the received light signal
through the directional coupler and enters the optoelectronics
finally. The detector performs signal processing and can actively
select the optical signal in the specified direction for processing
by changing the phase of the reference light. In the 1 × 16
transmitter/receiver module, using the principle of reciprocity of

Fig. 2. (a) Corrugated Antenna Structure. (b) The transmission efficiency of
the antenna. (c) Antenna far-field with single side incidence.

light, the independent switching of receiving/transmitting mode
is realized through 2 × 2 optical switches. Since the switch state
is difficult to judge, it is necessary to connect a power monitor
at the end of the optical switch to monitor the switch state in
real-time.

There are two main ways to design waveguide grating an-
tennas, top-etched antennas, and edge-etched antennas. Con-
sidering that the edge etching antenna structure can reduce the
contact area between the mode field and periodic defects and
further reduce the crosstalk between adjacent antennas, we can
obtain a more compact antenna array arrangement by adopting
this structure. It can realize a higher collection efficiency in
the receiving mode while increasing the scanning range of the
antenna. Therefore, we finally chose to optimize the design of the
edge-etched corrugated antenna structure. In addition, consid-
ering the reciprocity of the antenna [14], the higher the far-field
emission efficiency is, the higher the receiving efficiency is under
the same conditions. Therefore, we added the T-shaped etching
structure of the antenna teeth, which further increases the energy
diffracted by the antenna into the free space. At the same time,
this structure can reduce the crosstalk between the antennas, and
obtain a larger scanning range. The designed antenna structure
is shown in Fig. 2(a). We choose the design withΛ= 0.8μm, the
duty ratio is 0.5, Wa=0.5μm, Wb=0.8μm, ha=0.22μm, hb=
0.07μm. Finally, the upward diffraction efficiency of the antenna
in the wavelength range of 1470–1580 nm is more than 40%, and
the upward diffraction efficiency at the peak wavelength is close
to 50%. Fig. 2(b)–(c) shows the antenna diffraction efficiency
diagram and far-field diagram at 1550 nm wavelength.
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Fig. 3. (a) Optical partitions and terminations. (b) Crosstalk to the other side
antenna.

Fig. 4. (a) Schematic diagram of MMI structure. (b) Transmission efficiency
of MMI.

In addition, for the 1x16 transmit/receive modules, since the
optical receiving/transmitting signals need to be processed at
the same time, the transmitting signal on the incident side will
interfere with the receiving optical signal on the other side.
Therefore, it is necessary to set a partition in the middle of the
antenna and an optical terminal to achieve energy depletion, as
shown in Fig. 3(a). We have simulated the crosstalk caused by the
transmitting antenna to the receiving antenna. The results show
that the antenna achieves less than 2% light energy transmission
in the middle of the antenna, and the crosstalk caused by this
design is more than 41 dB for the opposite antenna, as shown
in Fig. 3(b). Since the power that the waveguide can withstand
is limited, the energy transmitted from the transmitting antenna
to the detector is weak. It is difficult to have a high enough
sensitivity to respond to this signal, so the impact on other
antennas is negligible.

Since we use wavelength tuning to achieve beam deflection
in the longitudinal direction, it requires a larger bandwidth of
the involved device. Therefore, we use a multi-mode interfer-
ence (MMI) beam splitter array to achieve the 1 × 32 beam
uniform distribution. MMI adopts the principle of multi-mode
interference self-image imaging. The single or multiple images
of input light will be formed repeatedly at periodic intervals
along the propagation direction. We use symmetrical restricted
interference to achieve uniform distribution of the beam 1 × 2.
The imaging position obeys the following formula [15]:

L =
3Lπ

4N
(1)

Where Lπ is the beat length of the two lowest-order modes,
and N is the number of imaging. The formula can estimate
the theoretical position of imaging roughly. On this basis, we
simulated and optimized the actual imaging position and added
a taper structure at the port position to minimize the insertion loss
of the device. Fig. 4(a) shows the specific structure and optical

Fig. 5. (a) Schematic diagram of curved waveguide directional coupler and 2
× 2 optical switch based on the directional coupler. (b) Transmission efficiency
of curved waveguide directional couplers. (c) Transmission efficiency of the 2
× 2 Optical Switch.

field energy distribution. We choose the design with W = 2.5
μm, L = 5.9 μm, W1 = 0.8 μm. It can achieve the single-pass
47.55%, 47.65% transmittance at 1580 nm and 45.39%, 45.48%
at 1470nm, as shown in Fig. 4(b). The unevenness is less than
0.01 dB, and the insertion loss of the beam splitter in the
wavelength range of 1470–1580 nm is kept <0.32 dB after
simulation optimization.

At the same time, we designed a thermo-optical switch based
on the directional coupler. As shown in Fig. 5, since the conven-
tional directional coupler has a strong wavelength dependence,
we improve the wavelength dependence of directional couplers
by introducing the curved waveguides [16]. Its working principle
can be analyzed according to the coupled-mode theory and the
asymmetric directional coupler theory. When the optical signal
is input from the input port of the directional coupler, the output
power of the through and cross output ports is:

Pcross =
κ2
c

δ2
sin2 (δ · Lc) (2)

Pthrough = 1− Pcross (3)

Where Lc is the length of the coupling region, determined by
the coupling angle θ and the bending radius R, κc is the coupling
coefficient, and the value of δ is given by the following formula:

δ =

√(
β1 − β2

2

)2

+ κ2
c (4)

Whereβ1 andβ2 are the propagation constants of the straight-
through waveguide and the crossed waveguide respectively. For
the traditional straight waveguide directional coupler, β1 = β2,
the transmission spectrum changes linearly. When introducing a
curved waveguide, β1�β2, the transmission spectrum changes
in a parabolic shape, so it can make the power coefficient of
the directional coupler maintained around 50% over a wide
wavelength range by optimization. Therefore, we introduce a
curved waveguide structure according to this principle to widen
the bandwidth. Fig. 5(a) shows the specific structure. We choose
the design with L = 6.1 μm, G = 100nm, W = 0.5 μm, R1 = 29
μm, R2 = 29.6 μm, θ = 12°. Fig. 5(b) shows the transmittance
of the coupler varies with wavelength, achieving an additional
loss of <0.81 dB and an extinction ratio of >7.44 dB in the
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Fig. 6. (a) The grating coupler structure and its far-field distribution. (b)
Schematic diagram of grating diffraction principle. (c) Transmission efficiency
of the grating couplers.

operating bandwidth range. In addition, we designed a 2 × 2
Mach-Zehnder optical switch based on the curved waveguide
directional coupler, as shown in Fig. 5(a). The optical signal is
output through the Bar port when the switch is in the on-state. At
this time, the additional loss in the operating wavelength range
is less than 0.8 dB. The optical signal is output from the Cross
port when the switch is in the off state, and the transmission of
the Bar port is more than 13 dB. Fig. 5(c) shows the transmission
efficiency of each state.

The grating coupler followed the Bragg diffraction conditions
as shown in Fig. 6(b). For the traditional Bragg grating, the
diffraction energy of the incident optical signal to the free space
and the substrate is equal due to the symmetry of the structure.
Therefore, we optimized the traditional structure by using a
multi-layer shallow etching scheme to break the symmetry of the
grating structure. It can reduce the loss of the grating coupler
entering the Si-substrate and improve the upward diffraction
efficiency of the antenna. In addition, in the coupling process
between grating and fiber, the more concentrated the far-field
energy distribution of the grating coupler is, the higher the
coupling efficiency is. The far-field energy of the traditional
straight waveguide grating coupler is more dispersed. Therefore,
we use the curved waveguide grating structure to make the
far-field energy of the grating more concentrated, which provides
a reliable guarantee for the high-efficiency coupling between
the grating coupler and the fiber. Fig. 6(a) shows the specific
parameters of the grating coupler. After optimization, we choose
the design with Λ = 0.675 μm, h = 0.22 μm, h1 = 0.04 μm, h2
= 0.07 μm, θ = 50°, L = 36 μm, W = 13 μm. The design
also considers the bandwidth. As shown in Fig. 6(c), it can
provide upward diffraction efficiency of more than 66% in the
wavelength range of 1470nm to 1580nm, and the diffraction
efficiency can reach 72% at the peak wavelength. The incident
loss to the substrate is less than 25%. The high upward diffraction
efficiency provides a reliable guarantee for the high coupling
efficiency between the grating and the chip.

For the antenna array, we use a linear and uniform arrange-
ment with a 1.5 μm spacing. Due to the T-shaped etching
structure of the antenna teeth, the crosstalk between antennas
is reduced, and the antenna’s upward diffraction efficiency is
improved. Therefore, a small antenna spacing can be used to
achieve a large scanning range. As shown in Fig. 7(b), we

Fig. 7. (a) The antenna array arrangement. (b) Crosstalk between adjacent
antennas.

can see that under the 1.5 μm spacing, the crosstalk between
adjacent antennas is more than 20 dB. Therefore, we can use
this spacing to make the antennas linearly arranged, as shown
in Fig. 7(a). In the receiving mode, the simulation shows that
a large amount of energy will inevitably enter the substrate
during the receiving process. Therefore, under the premise of
avoiding excessive antenna crosstalk, the denser the array ar-
rangement, the larger the effective receiving area and the higher
the receiving efficiency. We define the effective acquisition
efficiency:

η =
Aeff

At
(5)

Where Aeff is the effective collection area of the antenna,
and At is the overall antenna array aperture. We can achieve an
effective collection efficiency of 43.3% per unit area.

For the scanning of the antenna array in the longitudinal
range, it is realized by controlling the wavelength tuning. The
longitudinal deflection angle is given by the following formula:

sin θ =
neffΛ− λ0

Λ
(6)

Where Λ is the period of the grating, λ0 is the free space
wavelength, and neff is the effective index of the guided mode.
Therefore, we can achieve any angle of deflection in the far-field
by adjusting the wavelength range or modifying the antenna
period.

For the scanning of the antenna array in the lateral range, it is
realized by applying equally spaced phase differences through
the phase modulation array. Its scanning range can be given by
the following formula:

θs = 2arcsin

(
λ

2d

)
(7)

Where λ is the input wavelength and d is the antenna spacing.
The simulations show that we can achieve a scanning range of

15.6°+15.6° in longitudinal wavelength tuning and a scanning
range of 62.2° in lateral phase tuning in the transmitting mode.
Fig. 8 shows the far-field scanning diagrams of each direction
of the OPA.

The result of the simulation shows that we can achieve an
overall optical loss of less than 9.1 dB (including the waveguide
loss of 2 dB/cm) in the transmitting mode without considering
the grating coupling loss and the actual processing error loss.
In the simulation process, we use the radius of 90° waveguide
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Fig. 8. (a)–(d) Antenna array far-field distribution at different wavelengths. (e)–(h) Antenna array far-field distribution under different phase differences.

bending more than 10 μm. The simulation shows that the bend-
ing loss of the waveguide is less than 0.04 dB. In addition,
we can achieve a collection efficiency of 43.3% per unit area
in the receiving mode, which provides a reliable guarantee for
subsequent high-quality signal processing.

III. CONCLUSION

In conclusion, we have proposed an integrated design of the
OPA transceiver based on the dual-mode corrugated antenna,
which can realize the precise scanning of the OPA in two dimen-
sions of 31.2° × 62.2° through longitudinal wavelength tuning
and lateral phase tuning. The combination of the two detection
methods can improve the detection accuracy while ensuring the
system’s receiving sensitivity. We can switch the OPA receiv-
ing and transmitting modes arbitrarily by designing the optical
switch. At the same time, we have optimized the design of each
optical device of the OPA. According to the statistics, the overall
optical loss is less than 9.1 dB in the transmitting mode. The
effective receiving area per unit area is more than 43.3% in the
receiving mode, which provides a reliable guarantee for the high-
quality processing of subsequent optical signals. What’s more,
the transceiver integrated structure can realize the simultaneous
processing of the receive optical signal and the transmit optical
signal, while can greatly improve the optical communication
efficiency.
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