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Currently, two-dimensional (2D) optical phased arrays (OPAs) have broad development prospects in many
emerging fields. However, a traditional 2D-OPA sets a phase shifter for each antenna, causing large antenna
spacing, high power consumption, and complex wiring. In this study, we first introduce a theoretical model of an
N x N OPA by separating the phase shifter from the antenna element; only 2N phase shifters are used to realize
2D beam scanning, effectively reducing the power consumption and wiring complexity. To reduce the antenna
spacing, we next use inverse design and particle swarm optimization to design compact, low-loss, and high-
performance silicon-photonic devices, including cross waveguides, Y branches, directional couplers, and
grating antennas. For the thermo-optic phase shifter (TOPS), we introduce the semiconductor material AIN that
enables the modulation speed to reach 45 kHz. The length of the TOPS is 30 pm and phase-shifting efficiency (P,)
is only 20 mW. Finally, for proof of concept, we built an 8 x 8 OPA architecture model with an antenna spacing
of 8.5 um. The simulation results show that the OPA achieves 10.5° x 10.5° 2D-beam steering at the 1.55-pm
wavelength using only 16 TOPSs, and we use genetic algorithm to realize the sparse uniform array and achieve
the side-lobe rejection ratio of 18 dB in the field of view.

1. Introduction

Optical phased arrays (OPAs) [1-26] are optical devices that can
realize a beam transceiver and control. These devices have broad
development prospects in emerging fields, such as light detection and
ranging (LiDAR) system [1-3], three-dimensional (3D) imaging [4],
space laser communication [1,2,5], and photonic switching [6,7]. At
present, the main types of OPAs include liquid crystal [8], micro-
electromechanical systems (MEMS) [9,10], and silicon photonic
[2-5,11-22,26]. The response speed of liquid—crystal phased arrays is
slow, and the environmental adaptability of MEMS phased arrays needs
to be improved, which limits their development in emerging applica-
tions. A silicon-photonic phased array can realize chip-level laser scan-
ning; the phase and amplitude of the light radiated from the antenna in
this type of array can be independently controlled by the phase shifter,
and an electromagnetic wave front of any shape can be formed. Silicon-
photonic phased arrays exhibit fast scanning speed, high precision, small
size, low cost, and high stability, which meet the needs of beam scanning
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technology for emerging applications. Additionally, the manufacture of
silicon-photonic phased arrays is fully compatible with complementary
metal-oxide semiconductor (CMOS) devices.

Currently, to achieve high beam resolution and a wide two-
dimensional (2D) beam scanning range, a variety of OPAs have been
reported [2,3,11,13-19,21,22,26]. Although a high-precision and large-
angle scanning range is realized by the phase shifter in the vertical an-
tenna direction by using the combination of a one-dimensional (1D)
OPA and a tunable laser [2,3,13,18,19,21], the scanning range in the
direction parallel to the antenna is limited due to the small tuning range
of the laser wavelength. However, to realize high-precision and large-
range 2D beam scanning in OPA, it is necessary to have a large-scale
integrated antenna array in which the antenna spacing is equal to the
wavelength of light. A traditional 2D-OPA [11,14,16,17] realizes 2D
beam scanning by setting a phase shifter in each antenna element to
independently control the phase and amplitude of the beam. In other
words, an N x N OPA contains N? phase shifters, which leads to high
power consumption and antenna element spacing. Therefore, a large-
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Fig. 1. (a) The proposed 8 x 8 optical phased array (OPA) structure in which the phase shifter is separated from the antenna element (contains 16 TOPS). (b)

Antenna array and (c) antenna element structure diagrams.

scale integrated 2D-OPA with small antenna spacing has not yet been
realized.

In this study, we first introduce a 2D-OPA designed by separating the
phase shifter from the antenna element. Through theoretical analysis of
an N x N OPA, it is determined that only 2N phase shifters can achieve
2D beam scanning. Compared with a traditional 2D-OPA, the power
consumption and wiring complexity of the chip are effectively reduced.
Using finite-difference time-domain (FDTD) simulations, we discuss the
design and simulation of the photonic devices that constitute the OPA,
including edge couplers, multimode interference (MMI) couplers,
thermo-optic phase shifters (TOPSs), directional couplers (DCs), cross
waveguide (CW), Y branch, and grating antenna. The device sizes of the
TOPS, DC, Y branch, and CW are reduced as compared to existing de-
vices. Resultant performance parameters include the following: the
TOPS modulation speed reaches 45 kHz, the length is 30 pm, and the loss
is 0.04 dB/cm; the coupling length for 100% coupling efficiency of the
DC is 3 pm; the transmittance of the Y branch is 95.1%, and the area is
25 x 1.5 pmz; the transmittance of the CW is 95.05%, the reflection is
—27 dB, the crosstalk is —33 dB, and the area is 2.5 x 2.5 pm?.

Finally, we established an 8 x 8 OPA to verify the feasibility of the
design scheme. Using the designed photonic device, we obtained an
antenna spacing of 8.5 pm and a radiation aperture of 68 pm x 68 pm.
The FDTD simulation results show that the proposed OPA can achieve a
2D beam scanning range of 10.5° x 10.5° with only a single-wavelength
light source and 16 TOPSs. The beam full width at half maximum
(FWHM) is 1.21° and the side-lobe rejection ratio (SLSR) is 12 dB when
the phase difference is zero. At the same time, we use genetic algorithm
[38] to realize the sparse uniform array and achieve the SLSR of 18 dB in
the field of view. Our results provide a solution for realizing large-scale
integrated 2D-OPAs with small antenna spacing.

2. Theoretical analysis and OPA architecture design

Our proposed 2D-OPA architecture is illustrated in Fig. 1(a). The
phase shifter is separated from the antenna array element, the OPA
couples the off-chip light source into the chip through the edge coupler,
and the phase and amplitude of each light beam are tuned by the TOPS
and then transmitted to the antenna array. The structures of the

designed antenna array and element are shown in Fig. 1(b) and (c),
respectively. As the OPA’s 2D beam scanning needs to control the
relative phase between adjacent radiation elements, the bus waveguides
are cross-arranged; each antenna element is provided with two DCs to
couple the optical element of the row and column, which then combines
the coupled light through the Y branch and transmits it to the grating
antenna. We expand the antenna element shown in Fig. 1(b) to N x N
dimension, assuming that the electric fields of the two transmission light
beams coupled by the antenna elements in the M®™ row and the N
column are written as Ep =Aexp(i(¢,, —ot)) and E, =
Aexp(i(6, — wt) ), respectively, where A denotes the amplitude, ¢, and
¢, represent the phases of the transmitted light, and o indicates the
angular frequency. Therefore, the output photoelectric field after the Y
branch can be expressed as follows:

Emny = \/Lj(Em +E,) = % o A(exp(i(¢,, — wt) ) +exp(i(0, — wt)))

- \%exp( — iot) o (explichy) + expli6y))

= %exp( — iwt) ® cos <@> ® expi (@) (2.1)

The phase of the light radiated by the grating antenna can then be
expressed as follows:

sing,, + sind, >

(2.2)
cos¢,, + cosd,

Wiy = arctan(

The phase of the optical signal of the bus waveguide is modulated
through the TO phase shifter and the beam phase difference between the
antenna element and the adjacent element can be expressed as follows:

sing,,,, + sind, ) (sianwm + sind, )
— ) —arctan| —"*——+

- = arctan
Vinetn) = ¥imm (cos¢m 11 + cosf, cosp,, + cosd,

(2.3)

and
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Fig. 2. (a) 3D structure and (b) top view
diagrams of the edge coupler. (c) Pattern
matching degree between tapered
waveguide and tapered fiber with
different widths. The pattern distribu-
tion at the conical end of the tapered
fiber is illustrated. (d) When the input
width of the tapered waveguide is 0.21
pm, the coupling efficiency of the edge
coupler changes with the length of the
waveguide. The illustration shows the
electric field simulation diagram of the
300-pum tapered waveguide.
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When we make the beam phase difference (A¢,Ad) constant between
the rows and columns of the antenna array in the OPA, from Egs. (2.3)
and (2.4) the phase difference between adjacent antenna elements can

be expressed as follows:
Ay, = (1 - expi( 72A¢) ) -expi (¢0 ;r 00)
and
(= A0) (B0 + 6o
Ay, = (1 —expi— -expi 5
According to the OPA architecture parameters, the antenna spacing
is d, the wavelength of the light source is 4, the phase difference between

adjacent antennas is A¢, A9, and the deflection angle ¢ satisfies the
following formula:

(2.5)

(2.6)

(2.7)

Therefore, when we use the phase shifter to provide an arbitrary
phase value in the range of ~0-2n to the beam, the OPA 2D beam
scanning can be realized through 2N phase shifters. Compared with the
traditional 2D-OPA, the design scheme effectively reduces power con-
sumption and wiring complexity, but it cannot control the phase of a
single antenna element. As obtained from Eq. (2.1), the strength of the
main lobe is regulated by phase shifters. To achieve uniform OPA ra-
diation, we gradually increase the coupling length of the DC in the beam

100 200 300 400

Taper length [pum]

propagation direction to ensure that each antenna element obtains the
same optical power. It can be seen from the structure of the antenna
array element that the antenna spacing is determined by the CW, DC, Y
branch, and grating antenna. Therefore, we applied inverse design and
particle swarm optimization (PSO) to achieve compact, high-
performance photonic devices, effectively reducing the antenna
spacing. Finally, we built an 8 x 8 OPA architecture based on a 220-nm
silicon-on-insulator (SOI) (shown in Fig. 1(a)) containing 16 TOPSs with
an antenna spacing of 8.5 pm.

3. Design and simulation of the Silicon-Photonic devices
3.1. Edge coupler

The edge coupler can couple the off-chip light source to the OPA
through mode conversion. To improve the coupling efficiency, we
designed the optical fiber and input waveguide into tapered structures to
match the modes. Fig. 2(a) and (b) shows a schematic diagram of the off-
chip coupling structure. The tapered fiber is opposite to the center of the
waveguide and the output diameter of the tapered fiber is 2 pm. At the
tapered end of the fiber, the fiber cladding and air form the fiber
structure, which confines the mode field in the fiber cladding. The
diameter of the fiber mode field output is 2 pm, as shown in the inset in
Fig. 2(c). To match the modes, the waveguide width was scanned and it
was determined that the mode matching degree reached the maximum
value of 95% when the width of the tapered waveguide was 0.21 pm.
When the input width of the tapered waveguide is 0.21 pm and the
output waveguide width is 0.5 pm, the coupling efficiency of the edge
coupler varies with the length of the waveguide, as shown in Fig. 2(d).

Table 1
Recent SOI thermo-optical phase shifter and electro-optical phase shifters.
Phase Shift Materials and Methods Cladding Length [pm] P, [mW] 7[ps] Loss [dB] V.[V]
[30] Ti/TO Oxide 600 10.6 35 - 4.9
[31] TiN/TO Air 1000 0.5 144 0.3 0.9
[32] N-Si/TO Air 9.4 12.7 27 0.5 12
[33] Si/EO Oxide 1000 1.7 24 3 1.10p
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Fig. 3. Structural diagram of the thermo-optic phase shifter.

When the length exceeds 200 pm, the coupling efficiency is greater than
99%. After performing trade-off analysis between on-chip space and
coupling efficiency, we chose the length of the tapered waveguide to be
300 pm (coupling efficiency is 99.5% and insertion loss [IL] is 0.02 dB).

3.2. Thermo-Optical phase shifter

The optical phase shifter is an important component of an OPA as it
can actively tune the phase of each transmission light beam such that the
phased array periodically scans the far-field target. Currently, OPA
phase shifters mainly include TOPSs [27-32] and electro-optical phase
shifters (EOPSs) [33]. Table 1 summarizes the parameters of phase
shifters developed in recent years. The tuning speed of TOPS using metal
materials was found to be relatively slow and the overall length reaches
several hundreds to thousands of microns. The main reason for this is
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that SiO; has a very low thermal conductivity of 1.3 W/(m-K). Gener-
ally, an EOPS has a fast response speed, a ridge waveguide structure with
gradient doping on both sides, and its length is tens of microns. The
advantage of an EOPS is that it can reduce the absorption loss of carriers
to light, but it is limited by carrier lifetime, which results in a gradual
decrease in tuning rate. Moreover, at the junction of a straight wave-
guide and a ridge waveguide, reflection loss will occur due to the sudden
change of the effective refractive index.

After analyzing the advantages and disadvantages of TOPSs and
EOPSs, we decided to use doped silicon (DS) as the heat source and
aluminum nitride (AIN) to conduct heat and reduce the shortcomings of
traditional TOPS, such as slow tuning speed and high = phase shift
voltage. The structure of the TOPS is shown in Fig. 3. The DS was placed
on the right side of the optical waveguide (OW). For convenience of
fabrication, the height of the DS matches that of the OW (0.22 pm). The
AIN thermal conductive layer covers the OWs and DS. Because the
thermal conductivity of AIN is 285 W/(m K), which is much larger than
that of SiOy, it can effectively improve the heat transfer rate and tuning
rate. Moreover, it is fully transparent to 1.55-pm infrared light, and the
TE fundamental mode effective refractive index of OW using AIN is
similar to that using SiOg; it has a low thermo-optical coefficient.
Therefore, the optical loss caused by a sudden change of refractive index
can be ignored. Most importantly, AIN is also compatible with the CMOS
process.

To achieve the optimal structural parameters for the TOPS and cor-
responding parameters, such as thermal diffusion distribution, modu-
lation efficiency, and response time, the thermal and optical properties
of the TOPS were simulated using FDTD. The substrate temperature was
set to 300 K, SiO, and the air convection was set to 10 W/m?K, and the
OW dimensions were 0.5 pm x 0.22 pm. N-type DS was used to obtain
good electrical conductivity; the selected doping concentration was
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Fig. 4. (a) DS temperature variation with length and width at the same voltage. (b) Transmittance of phase shifter at different spacing doped silicon, and insertion
loss of AIN with different thickness. (c) Temperature change of 10-pym DS and of an OW in AIN and SiO, thermal conductive media. (d) Temperature variation of 30-
pm DS and of an OW in AIN with different thickness.
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highest at 1e%/(cm®). Fig. 4(a) shows that under the same voltage, the
temperature of DS is inversely proportional to its own resistance. From
the research results of Jacques in 2019 [27], the absorption of light by
carriers can be avoided when the distance between DS is more than 0.8
pm from the OW. To avoid evanescent wave coupling between the DS
and OW, the transmittance of the OW by FDTD simulation is denoted by
the blue line in Fig. 4(b). It can be seen that the coupling loss can be
ignored when the DS is placed above 0.9 ym on the right side of the OW.
Therefore, we set the distance between the DS and the OW to 1 pm to
completely eliminate coupling and carrier absorption losses.

The refractive index of AIN is approximately 2.0, and it is fully
transparent to light with a wavelength of 1.55 pm. As shown in the
illustration in Fig. 4(b), for 1.55-um transverse electric (TE) mode light,
the loss maximum value is 0.93 dB/cm. Therefore, the optical loss
caused by the AIN is negligible. Fig. 4(c) shows a schematic diagram of
the temperature change of the OW under the two heat-conducting
media: AIN and SiO;. As AIN has extremely high thermal conductivity,
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the OW temperature increases from a peak value of 900 K to a peak value
of 1200 K when the voltage is at the maximum value. Therefore, the
temperature of the OW using AIN heat conduction is closer to the tem-
perature of the DS, which effectively improves heat transfer efficiency.
When the length of the DS is 30 pm, the temperature of the OW decreases
with the increase in AIN thickness at the same voltage. This occurs
because the specific heat capacity of AIN is 748 J/kg-K. However, when
the thickness of the AIN thermal conductive medium is the same as the
chip cladding, the OW temperature is still much higher than that of SiO5
used for thermal conduction, as shown in Fig. 4(d). In summary, we
considered the chip layout, processing technology, transmission effi-
ciency, and other factors, and chose a DS width of 1 pm, a distance from
the OW of 1 pm, and an AIN thickness of 0.2 pm.

Because the heat capacity and resistance of the TOPS increases with
length, it requires more heat to reach the temperature at which the =
phase shift is achieved. As shown in Fig. 5(a), the z phase shift voltage
(V) is proportional to the length of the DS, and V; is 3.55, 4.84, 5.74,
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(a) TOPS light transmittance at different temperatures. (b) Heat distribution diagram of TOPS with or without air grooves. (c) = of TOPS with air grooves.
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Fig. 7. (a) Electric field and (b) diagram of 1.55-pm mode light.

6.56, 7.21, 8.058, 8.30, 8.90, 9.40, and 9.63 V. Fig. 5(b) and (c) shows
the changes in & phase shift temperature and thermal diffusion time (7)
for TOPSs with different lengths using the AIN heat-conducting medium.
7 is proportional to the length of the TOPS and for 10%-90% of the OW
temperature response, the sum of the rise and fall times 7 (7 = 7, + 77) is
19.68, 21.24, 21.61, 21.78, 22.26, 22.52, 23.11, 23.38, 23.89, and
24.33 ps. The modulation speed of the TOPS can reach 50 kHz (10 pm) to
40 kHz (100 pm). The efficiency and speed of the TOPS are determined
by the figure of merit (FOM) [27] (FOM = P, x 7); a smaller FOM value
represents better TOPS performance. As P, = G*AT,*A, where G is the
thermal conductivity, T is the temperature change of the n phase shift,
and A is the area through which the heat flow passes, the DS length does
not affect the power consumption of the TOPS. In Fig. 5(d), the average
power of the n phase shift for TOPSs with different lengths is 20 mW.
Therefore, the main factor that affects the FOM value is the thermal
diffusion time of the TOPS.

Based on the above data, we conducted a trade-off analysis between
the size and performance of the TOPS. It was determined that the overall
size of the TOPS should be 30 pm x 2 pm x 0.42 pm, of which the DS and
AIN sizes are 30 pm x 1 pm x 0.22 pm and 30 pm x 2 pm x 0.2 pm,
respectively. The P, of the TOPS is 20 mW, the V; is 5.74 V, and the 7 is
21.61 ps. Under these conditions, a modulation speed of 42 kHz can be
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achieved. Compared with SiO, thermal conductive medium, V, and P,
are reduced by 5 V and 15 mW, respectively, and the temperature peak
of the = phase shift is 445 K, which will not burn out the OPA device. In
Fig. 6(a), the transmittance of the TOPS simulated by 3D-FDTD for 1.55-
pm TE mode light is between 99% and 99.2%, and the average IL is 0.04
dB/cm.

When the TOPS are densely arranged, air grooves are added around
the TOPS to reduce the thermal crosstalk problem because air has an
extremely low thermal conductivity of 0.0263 W/(m-k). The groove size
is 40 pm x 1 pm x 2 pm. Fig. 6(b) shows a schematic diagram of the
TOPS heat distribution with or without air grooves. The temperature at
the position of the red circle in the figure is 301 K and the OW tem-
perature is 452 K, which is 7 K higher than that without air grooves.
Therefore, the air groove effectively isolates thermal crosstalk between
the TOPSs. The thermal diffusion time is shown in Fig. 6(c), 7, is 7.52 ps
and 7y is 12.5 ps. Compared with TOPS without air grooves, 7, decreases
by 2.52 ps, 7y increases by 0.7 ps, 7 is 20.02 ps, and the modulation speed
is 46 kHz.

3.3. Cross waveguide

From Fig. 1(b), the CW is an important factor restricting the large-

(©)

[Port 1 | [ Port3

®

Fig. 8. (a) 3D structure and (b) top view of the vertical intersection of the waveguides. (c) Top view of the optimized crossed waveguide. (d) The FOM value varies
with the number of iterations; inset shows the crossed structure corresponding to the optimal value. (e, f) Electric field and power diagrams of the 1.55-um

mode light.
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(b)

O\"Q&

scale expansion of the OPA. In the high-contrast SOI structure, a vertical
cross of strip waveguides will destroy the transverse restriction of the
waveguide to the transmitted light, resulting in diffraction loss and
transverse scattering loss. For the size of waveguide is 0.5 pm x 0.22 pm,
the IL and crosstalk loss (CL) obtained by FDTD simulation are 1.4 dB
(72%) and — 9 dB. Fig. 7 shows the electric field and power diagram
obtained by 1.55-ym TE mode light when eight direct waveguide
intersecting structures are linked together. The diffraction and trans-
verse scattering loss of light can be clearly seen; therefore, it is necessary
to design and optimize the CW.

Here, we used the reverse design method to design the CW[34,35]
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.6

‘

Fig. 9. (a) 3D structural diagram of the CW. (b, c) Electric field and power diagrams of 1.55-pm mode light.

(b

N’

(d

Cross length (pm)

and the objective function was optimized by FDTD and parameter
optimization. Fig. 8(a) is a 3D illustration of the CW; the height is 0.22
pm and the design area of the device is 2.5 pm x 2.5 pm. Because the CW
is both axisymmetric and centrosymmetric, we only need to optimize
one-eighth of the CW. In the initial optimization parameters and
boundary value settings for the AB section of the waveguide, the curve
AB is defined by 10 points, the abscissa interval of the curve is [0.25 pm,
1.25 pm], the ordinate interval is [0.25 pm, 0.45 pm], and the optimized
boundary conditions are [0.2 pm, 0.5 pm]. The abscissa and corre-
sponding ordinate of 10 coordinate points are optimized by PSO, and the
width of the silicon photonic device at each coordinate point can be
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Fig. 10. (a) Schematic diagram of the designed DC structure. (b) Variation of the coupling length for different gaps and etch depths under the parameters A = 1.55
pm, w = 0.5 pm, and h = 0.22 pm of DC. (c) Effective refractive index of symmetric and antisymmetric modes, with varying etching depth. (d) Electric field transfer
diagram at a wavelength of 1.55 pm.
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Fig. 11. (a) Coupling efficiencies of DCs with different lengths at etching depths of 0.09 and 0.15 pm. (b) Schematic diagram of the arrangement of

coupled structures.

obtained. To obtain a smooth geometric edge curve, we used cubic
spline interpolation and take the number of nodes as 50. The FOM value
of the CW is defined as the transmittance of port 3, FOM = T3(4). The
simulation results under 2.5D FDTD show that when the wavelength is
1.55 pm, the maximum transmittance of the CW is 98.38%, the IL is 0.07
dB, the reflection is —27 dB, and the CL is —33 dB. The change in the
FOM value is shown in Fig. 2(d).

Fig. 9(a) illustrates a 3D structural diagram of the optimized CW. The
3D-FDTD simulation results show that when the wavelength is 1.55 pm,
transmittance is 95.05%, reflectivity is 0.2%, IL is 0.22 dB, and CL is
—33.1 dB, which is 27% higher than the transmittance of the direct
crossing of the waveguide. Fig. 9(b) and (c) shows the electric field di-
agram and power diagram obtained when eight CWs are linked together.
When compared with Fig. 7, it can be seen that the diffraction loss and
CL are significantly reduced.

3.4. Directional coupler

There are two DCs in each antenna element, which respectively
couple the two transmission lights. The structure is shown in Fig. 10(a);

(a) (b)

(©) o (d)
[ELN _“’."_”."‘-"-"'"“' """" g
- L]
L]
0941 .
3 i
2%
093 -\ .
\
\___~»
.
0.92 . A A
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the width of the coupling waveguide is 0.5 pm. Based on the analysis of
coupling theory, the coupling efficiency can be expressed as follows:

P, A L
K? =" =sin’ (uL> =sin? (2.2
Py 7 2L,

where Py is the input optical power, P, is the optical power coupled into
another waveguide, L is the length of the DC, An is the difference be-
tween the effective refractive indices of the symmetric mode and the
antisymmetric mode (An = n; —ny), and L, is the coupling length. From
Eq. (3.1), it is clear that L, can be reduced by increasing the An.

Using FDTD simulations, we found that the use of shallow etching
technology in the coupling gap can increase the An and reduce the
coupling length of the DC. Fig. 10(a) shows the designed DC. Fig. 10(b)
and (c) show that as the etching depth decreases, An gradually increases.
Taking the gap as 0.1 pm, the etching height of the fabrication process is
0.09 pm or 0.15 pm. The L, of the different etching heights are L,, =
15.5 pm, Lg,, = 5.17 pm, and L,,,, = 3.17 pm; with the increase of
etching height, L, of the DC is obviously shortened, which is in line with
the theoretical analysis. When the length of the coupling region is 10

B.1)

-
Through

Croe area

high

low

Fig. 12. (a) Schematic diagram of the 3D structure and (b) top view of the optimized Y branch. (c) FOM value as a function of the number of iterations; the inset is a
schematic diagram of the optimal Y branch core structure. (d) Electric field transfer diagram of 1.55-pm mode light.
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Fig. 13. (a) Schematic diagram and (b) electric field transport of the 1 x 2 MMI structure.

pm, the IL is ILy o9 = 0.06 dB andILo,ls = 0.002 dB.

In the direction of light transmission, we need to gradually increase
the length of the DC so that the radiated power of each antenna element
is the same. Fig. 11(a) shows the coupling efficiency of DCs with
different etching heights. Although the coupling efficiency curve with an
etch height of 0.09 pm is smoother, the efficiency curve with an etch
height of 0.15 pm has a shorter coupling length and lower loss. There-
fore, an etching height of 0.15 pm was selected. After introducing the
CW S-parameters, the distribution of the DC in the transmission direc-
tion is shown in Fig. 11(b). The values in the figure represent the DC
coupling length and coupling efficiency.

3.5. Y branch

We also used inverse design for the Y branch. Fig. 12(a) and (b)
shows a structural schematic diagram and the top view of the designed Y
branch. The core area of the device is 1.5 pm x 1.4 pm and the height is
0.22 pm. In the initial optimization parameters and boundary value
settings for the Y branch core area, curve AB is defined by 10 points; the
abscissa interval of the curve is [—0.75 pm, 0.75 pm], the ordinate in-
terval is [0.25 pm, 0.6 pm], and the boundary condition is [0.2 pm, 0.8
pm]. By optimizing the abscissa and the corresponding ordinate value of
each coordinate point by PSO, the width of the Y branch core area at the
coordinate point can be obtained, we used cubic spline interpolation and
take the number of nodes as 50. The FOM value of the Y branch is
defined as the transmittance of the output port, FOM = Trough- The
change in the FOM value with the number of iterations during the
optimization process is shown in Fig. 12(c). The FDTD simulation results
show that for the 1.55-pm TE mode light, the maximum transmittance is
95.1%, reflectivity is 0.78%, IL is 0.22 dB, and device area is 2.5 pm x
1.4 pm.

3.6. Multimode interference coupler

The MMI coupler is also one of the components in the OPA. A1 x 2
MMI coupler with intermediate incidence was used in the present study
and the length of the coupling region was calculated to be 36 pm. Both
the input and output ends adopt a tapered structure. The FDTD simu-
lation results show that when the width, length, and spacing of the
tapered waveguide are 2.2 pm, 10 pm and 3.1 pm, respectively, the
lowest IL values of 0.02 dB, 0.07 dB, and 0.01 dB, are obtained. Fig. 13
(a) shows a structural diagram of the optimal MMI coupler for the 1.55-
pm TE mode light. The area of the MMI coupler is 56 pm x 6 pm and the
transmittance is 96.8%.

3.7. Grating coupler optical antenna

Grating couplers are mainly used as antennas in 2D-OPA
[11,14,16,17,36]. In our previous work [37], we designed a grating
antenna based on a 300-nm SOI. When the number of grating teeth is
equal to three, we can obtain 57.2% upward radiation efficiency. The
area of the structure is 2.72 pm x 2.44 pm and a schematic of the
structure is shown in Fig. 14.

Fig. 14. Grating antennas under 300-nm SOL.

Table 2
Grating coupler optical antenna structure parameters (pm).

R 0 W, W, Ws Wy h; hy ety ety

1 140° 0.35 0.3 0.2 0.03 0.15 0.12 0.6 0.16

In this study, we design the grating antenna under 220-nm SOI and
optimized it using PSO. The number of particles and iterations is 20 and
50 respectively. The parameters to be optimized are the radius R and
central angle 0 of the sector surface, the widths Wo, W4 and spacing ety,
ety of the grating teeth, and the widths W;, W3 and height hj, hy of the
etched area. To achieve the maximum upward radiation efficiency of the
grating antenna for simulation, we did not consider the process stan-
dard, and the structural parameters are summarized in Table 2. The
grating antenna structure is shown in Fig. 15(a); the number of periods is
three, area is 3.45 pm x 3.1 pm, upward emissivity (Typ) is 59%,
downward emissivity (Tgown) is 20.2%, reflectivity is 0.61%, trans-
mittance is 12.1%, and edge scattering rate is 4.25%. Fig. 15(d) and (e)
shows the radiation patterns of the near-field and far-field of a single
grating antenna; the diffraction angle is 21°.

Under the grating structure in Fig. 15, we introduce the process
standard again, and run PSO again. The optimized grating antenna
structure is shown in Fig. 16, and the structure parameters are in
Table 3. The number of periods is three, area is 3 pm x 2.8 pm, Ty, is
53.3%, Tdown is 21.6%, reflectivity is 0.5%, transmittance is 10.1%, and
edge scattering rate is 5.2%.

4. Simulation and analysis of the OPA

Based on the OPA architecture shown in Fig. 1(a), we built an 8 x 8
OPA using the designed photonic device with an antenna spacing of 8.5
pm to verify the feasibility of the design scheme via FDTD simulations.
To realize 2D scanning at any angle by controlling the phase, we
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Fig. 15. (a) 3D structural diagram, (b) top view, (c) side view, (d) near-field emission patterns, and (e)far-field radiation patterns of the grating antenna.
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Fig. 16. (a) 3D structural diagram, (b) near-field emission patterns, and (c)far-field radiation patterns of the grating antenna.

Table 3
Grating coupler optical antenna structure parameters (pm).

R 4 W, W, W3 Wy h; hy ety ety

1 140° 0.3 0.2 0 0 0.11 0 0.6 0

(a)

calculated that when the far-field main lobe deflects 4° along the
transverse (longitudinal) direction, the lateral or longitudinal phase
difference of the beam is 23/30x. The TOPS was controlled to adjust the
phase difference between the beams to be 23/30z, and the far-field ra-
diation pattern of the array for data processing to remove the grating
lobes was obtained, as shown in Fig. 17. The simulation results are

Fig. 17. Far-field main lobe laterally shifted by adjusting the beam phase. (a) Phase difference of zero, (b) lateral phase difference of 23/30x, and (c) longitudinal

phase difference of 23/30x.

10
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Fig. 18. Far-field profile of the 8 x 8 OPA obtained by Fourier transform.
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Fig. 19. Far-field 3D radiation patterns of the 8 x 8 OPA with different phases.

consistent with the theoretical calculations.

We deflect the beam by changing the phase difference of the hori-
zontal and vertical beams using the TOPS. When the beam phase dif-
ference is 0°, 10°, 30°, 60, ° 90°, 120°, 150°, and 170°, it is evident from
the far-field profile of the OPA obtained by the Fourier transform
(Fig. 18) that the main lobe of the far-field beam moves obliquely up-
ward as the phase changes. Fig. 19 shows the far-field 3D radiation
patterns of the OPA with different phases. Because the OPA is non-
apodized, near-field emission of uniform energy and the grating lobe
energy in the far-field distribution diagram is relatively strong. With
movement of the main lobe, the intensity of the first main maxima is
gradually the same as that of the main lobe. When the phase difference is
170°, the intensities of the two are approximately the same and the
moving angle of the main lobe is approximately 4.9° x 4.9°. The

simulation results are consistent with the calculation results of Eq. (2.7).
Using the far-field 3D radiation data in Fig. 19, we calculated that when
the phase difference is zero, the SLSR value is a maximum of 12 dB and
the SLSR gradually decreases as the steer angle increases.

We designed the OPA to be a uniform array and equal power emis-
sion, and grating lobes cannot be avoided. Therefore, to achieve the
purpose of suppressing the OPA side lobe level in the field of view, we
use genetic algorithm to sparsely optimize the array antenna structure.
We set fmn = 1 to represent to have the grating antenna, and f,,, = 0 to
have no grating antenna, and the far-field pattern function F(¢, 0) of the
OPA is:
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Fig. 20. (a) Schematic diagram of antenna array structure, (b) ¢-far-field antenna pattern, and (c) ¢ -far-field radiation patterns.
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1-8.
— sinby)))

¢ is horizontal azimuth, 6 is pitch angles, 6 and ¢, is main lobe direc-
tion, d,, and d, is antenna distance. The optimization model is defined
as: )Ti“MSLL, where MSLL is the sum of the maximum side lobe level of

the pattern and the maximum side lobe level of the elevation pattern.
The structure diagram of the optimized antenna array is shown in Fig. 20
(a). Compared with Fig. 19, that the side lobe level is effectively reduced
and the SLSR of —18.8 dB is achieved. It can be seen from the far-field
pattern in Fig. 20(b) and (c).

5. Conclusion

In this study, we proposed a 2D-OPA architecture scheme that sep-
arates the phase shifter from the antenna element and designed a
compact and high-performance silicon-photonic device. We placed the
TOPS on the bus waveguide to control the phase of the transverse and
longitudinal beams. Via theoretical analysis, N x N OPA 2D scanning
was realized using only 2N TOPSs. We used the designed silicon-
photonic device to integrate an 8 x 8 OPA architecture with 16
TOPSs. Simulation results show a 2D beam scanning range of 10.5° x
10.5°, an FWHM of 1.21°, and a maximum SLSR of 12 dB.

We use the genetic algorithm to obtain the sparse layout of the
uniform array, and realize the SLSR of —18.8 dB. In summary, we
controlled the phase of the light wave through the TOPS, realized 2D
scanning of the OPA, determined the feasibility of the 2D-OPA, and
proposed a feasible solution to miniaturize the OPA array element
spacing.
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