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Abstract: We demonstrate wide-angle beam-steering using an optical phased array (OPA) with
waveguide radiators designed with non-uniform widths to reduce the crosstalk between waveguides.
The OPA consists of a silicon based 1 X 16 array of electro-optic phase shifters and end-fire radiators.
The 16 radiators were configured with four different widths and a half-wavelength spacing, which can
remove the higher-order diffraction patterns in free space. The waveguides showed a low crosstalk of
—-10.2 dB at a wavelength of 1540 nm. With phase control, the OPA achieved wide beam-steering of
over +80° with a side-lobe suppression of 7.4 dB.
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1. Introduction

Optical phased arrays (OPAs) based on silicon photonics are promising for three-dimensional
imaging applications because of their compactness, fast scanning speed and low power
consumption [1,2]. One of the important requirements for this application is an assured wide
beam-steering of a zeroth-order beam, while avoiding an appearance of higher-order diffraction
beams. To satisfy this requirement, various methods which can suppress the higher-order grating
lobes and side-lobes have been proposed [3-8]. Unequally spaced radiator arrays have been employed
as the structures which suppress the high-order grating lobes [3-5]. These structures, however,
disperse the radiation power to the side-lobes, resulting in a reduction in the side-lobe suppression
ratio. Another route to forming a single beam is to narrow the pitch of the radiators to within a
half-wavelength space, at which the higher-order diffraction peaks disappear in the free space [9].
However, serious crosstalk can occur in such a narrow space between the radiator waveguides.
To solve the crosstalk problem, end-fire OPAs have been proposed which use a radiator region with a
short-propagation length [6], a bent waveguide array [7] or a non-uniform-width waveguide array [8].
In the later structure [8], wide beam-steering near 180° was demonstrated in a half-wavelength spaced
array with non-uniform waveguide widths. For phase control, they used thermo-optic (TO) phase
shifters heated by metal lines.

In this paper, we demonstrate a silicon-based 1 x 16 OPA using end-fire radiators with a
non-uniform-width waveguide array and p-i-n electro-optic (EO) phase shifter. The beam-steering
range of the OPA is over +80° and the non-uniform waveguide array suppresses the crosstalk between
the waveguides below —10.2 dB. This letter also presents a detailed design process based on a numerical
investigation of the crosstalk between the nearest neighbouring waveguides.
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2. Design and Simulation

Figure 1a shows a schematic view of the designed OPA. The 1 x 16 OPA consists of an input
grating coupler, power splitters, EO phase shifters and non-uniform waveguide radiators. The grating
coupler is designed to couple an external light source of 1550 nm wavelength into the OPA chip.
The coupled light is distributed into 16 channels through cascading 1 X 2 power splitters based on a
multi-mode interferometer (MMI). A 1 mm long p-i-n phase shifter is employed for efficient phase
control with high speed and low power consumption at the cost of the current dependent loss [10,11].

Figure 1b shows a cross-sectional view of the non-uniform waveguide radiators we designed.
For a given radiator pitch d, the maximum beam-steering angle A0 of the zeroth-order beam can be
determined as [2,9],

A
R L}
AO = xsin (Zd) )

where A is the wavelength in the free space. In order to avoid the appearance of higher-order diffraction
beams while steering the zeroth-order diffraction beam in whole free space (AQ = +90°), the pitch 4
between the waveguide radiators are designed as 775 nm, based on Equation (1), which corresponds to
a half-wavelength (1¢/2) in the free space.
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Figure 1. (a) Schematic view of the designed optical phased array (OPA); (b) cross-sectional view of
the non-uniform waveguide radiators.
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In such densely spaced waveguides, crosstalk occurs not only between the nearest neighbouring
waveguides but also between the waveguides having a distance, when the waveguides have uniform
widths. To effectively reduce the crosstalk, we determined the number of waveguide widths as four.
This allowed simple array construction, which is generally a multiple of four. In addition, assuming that
the non-uniform waveguide array already had sufficient width difference, the crosstalk between the
nearest neighbouring waveguides should have little effect on the other waveguides [12]. This made it
possible to select the widths of the non-uniform waveguides by considering only the interference with
the nearest neighbouring waveguides.

To determine the waveguide widths, wy, wp, w3 and wy, we analysed the crosstalk between
two parallel waveguides with different widths. These two waveguides consist of a main and a side
waveguide. When the light is incident to the main waveguide, the ratio of transferred power from the
main to side waveguide, AP/P;,, can be expressed as [12,13]:

N S (Aﬁ)2
= sin® (CL+(1+ ) ()
P;, 14 (%)2 2C

where P;, is the incident power to the main waveguide, AP is the transferred power to the side
waveguide, Af is the propagation constant difference, C is the coupling coefficient and L is the
propagation length. The maximum crosstalk to the side waveguide is defined as 1/[1 + (AB/2C)?] which
occurs at the cross-over length, L = L.. From Equation (1), the crosstalk can be reduced by increasing
Ap or decreasing C, which are a function of the waveguide width and pitch. At a fixed pitch, Af can
increase when the difference in waveguide widths increases, and thus the crosstalk can be reduced.
However, if the width of the main waveguide is too narrow, the crosstalk increases, due to the increase
in C produced by the spread of the transversal field. This makes it necessary to find an optimal range
of width difference Aw.

To determine the appropriate value of Aw, we simulated the crosstalk between the two parallel
waveguides. Figure 2 shows the simulation results for the maximum crosstalk, 1/[1 + (Aﬁ/2C)2],
plotted in contour along the varying widths of the two waveguides, at a wavelength of 1550 nm.
Lumerical MODE Solutions was used for the simulation. The spacing between the waveguides was
fixed at 775 nm, and the height of the waveguide was set at 220 nm. Since the cross-over length, L,
changes depending on the waveguide width, to calculate the maximum transferred power the length
of the waveguide was set to be 2L.. The light is incident to the main waveguide with a power of P;,,
and the coupling of power to the side waveguide AP was observed.

Based on a fully vectorial approach using an eigenmode expansion method, the power coupling
ratio AP/P;, along the propagation length L was calculated [13]. Then, the maximum transferred power
ratio, 1/[1 + (Aﬁ/ZC)Z], was extracted from AP/P;, and plotted in a contour. In Figure 2, the largest
crosstalk appears when the widths of the main and the side waveguide are similar, as seen in the
yellow zone along the diagonal line.

In a more detailed variation, the contours in Figure 2 show that relatively larger crosstalk occurs
when the main waveguide becomes narrower than the side waveguide, rather than the reverse case.
This trend can be attributed to the expansion of the evanescent mode of the main waveguide where the
light is incident. When the width of the main waveguide is narrower than that of the side waveguide,
the wide evanescent mode enlarges the mode overlap between the waveguides and increases C,
thereby worsening the crosstalk. On the other hand, the contour exhibits lower crosstalk in the reverse
case because the incident mode has stronger confinement. For example, the optical crosstalk from
the 420 nm to the 385 nm waveguide was —19.7 dB. In contrast, the crosstalk from the 350 nm to the
385 nm waveguide was —14.4 dB, worse than the reverse case. The contours also show that when the
width difference Aw increases, the crosstalk is reduced. This result is attributed to the increase in AS.
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Figure 2. Simulation results of the crosstalk from main to side waveguide with varying widths.

In order to reduce all possible crosstalk less than —10 dB, we determined the difference Aw of
the widths with 35 nm. If Aw is larger than 35 nm, the crosstalk could be further reduced. However,
the minimum gap between the waveguides decreases and gives aload in the lithography. Employing the
Aw of 35 nm, the individual widths of the four waveguides were selected with values of 350, 385,
420 and 455 nm. In addition, to enhance the A, the order of the waveguides was interlaced as 350, 420,
385 and 455 nm. In the interlaced configuration, the worst-case crosstalk was improved from —14.4 dB
to —15.7 dB, which was the value of the sequentially increased configuration. In detail, the former
worst-case crosstalk happened from the 385 nm to the 420 nm waveguide and the latter from the
350 nm to the 385 nm waveguide.

Figure 3a,b show the results of the simulated optical power distribution induced by the crosstalk in
the waveguide arrays, for the two kinds of configurations, with uniform-width and non-uniform-width.
The simulation was carried with seven waveguides, where the fundamental transverse electric (TE)
mode with a wavelength of 1550 nm was incident on the centre waveguide. In the uniform waveguides,
the width was unified at 420 nm. In the non-uniform waveguides, the four different widths were
configured in the order determined above, but the 385 nm width was placed at the centre to inject the
light into the waveguide that induced the worst crosstalk. The pitch of the waveguides was set to be
775 nm for both configurations. The power distribution was calculated using the three-dimensional
finite-difference time-domain (3D FDTD) method in the Lumerical FDTD solutions.

In the uniform waveguides shown in Figure 3a, the optical power was significantly transferred
to the nearest waveguides, even to the second and third nearest waveguides. On the other hand,
in the non-uniform waveguides shown in Figure 3b, little power was transferred to the neighbouring
waveguides. The result indicates that the configuration of the non-uniform waveguides can successfully
supress crosstalk.
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Figure 3. Simulation results of the crosstalk between waveguides spaced with 1p/2 at Ag = 1550 nm.
(a) Power distribution in the uniform waveguide array with a 420 nm width; (b) power distribution in
the non-uniform waveguide array with widths of 350, 420, 385 and 455 nm.

3. Fabrication and Experiment

The OPA with the designed non-uniform waveguides was fabricated by CMOS compatible
processes, using 220 nm Si-thick silicon-on-insulator wafer. Details of the fabrication processes are
described in our previous works [10,11]. The end-fire radiator was formed by dicing the fabricated
OPA chip across the waveguides of the radiation region. Figure 4a,b, respectively, show an optical
microscope image of the entire 1 X 16 OPA chip, and a scanning electron microscope (SEM) image of a
part of the four waveguides with different widths in the radiation region. In the SEM image, the widths
of the fabricated waveguides were slightly narrower than the designed widths.
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Figure 4. Fabricated device. (a) Optical microscope image of the OPA chip; (b) SEM image of the

non-uniform waveguides in the radiator region.

The performance of the OPA was measured using a far-field imaging system with an objective
lens having a numerical aperture (NA) of 0.65 and an infrared sensor camera. TE-polarized light with
a wavelength of 1540 nm was coupled into the input grating coupler of the device. Figure 5 shows the
far-field patterns measured from the 1 x 16 OPA.
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Figure 5. Far-field patterns measured from the 1 X 16 OPA.

In order to find the phase offsets and tuning voltages of the p-i-n phase shifters contained in the
OPA, a hill-climber algorithm was used [14]. Using phase control, the far-field beam was steered over
+80°, as shown in Figure 5. Since this steering range is beyond the NA of the objective lens, the beam in
the high-angle region of 40-80° was measured by rotating the objective lens. In this region, the far-field
patterns in the images appeared to be bent, because the rotation of the lens increased the aberration
phenomena. Furthermore, since the aperture of the end-fire radiator has a flat shape, all of the beams
were elongated in the vertical direction 0,.

Figure 6 shows the distribution of intensity measured from the far-field pattern when the beam was
formed at the centre (6y ~ 0°). The main beam showed a side-lobe suppression of 7.4 dB. The divergence
of the main beam in the horizontal direction was measured to be about 6.8° from the full-width at
half-maximum. The discrepancies between the numerical data and experimental data around the side
lobes are due to the background noise from the input light source. Since the distance between the input
grating coupler and the focal point of the objective lens is less than 1.4 mm in our experimental setup,
some scattered light from the fibre tip of the light source and the surface of the input grating coupler
could be entered into the objective lens. Such a background noise attributed from the input light source
might bury the intensity valleys around the sidelobe angles which are simulated in the ideal condition.

normalized intensity, dB

-50 i i i i i i
-40 -30 -20 -10 O 10 20 30 40
radiation angle, deg

Figure 6. Distribution of normalized intensity measured from the far-field when the beam was formed
at the centre.

The performance of the embedded p-i-n phase shifter was measured using Mach-Zehnder
interferometer test devices fabricated under the same process conditions. The measured power
consumption of the phase shifter including the bias was as low as 1.7 mW/m/channel. The operating
speed of the phase shifter was estimated to be 20 MHz, by measuring the temporal response of the test
device with a peak-to-peak voltage of 1.1 V, which is a 2n-phase shift voltage. The total loss of the
1 mm long phase shifter was —4.3 dB/m, when 7t-phase shift voltage was applied.

In order to measure the crosstalk, we fabricated test patterns with the waveguide array having
350, 420, 385 and 455 nm widths, bent-waveguides and grating couplers. The length of the waveguides
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was 100 um. The wavelength of the light source was tuned from 1520 to 1590 nm using a tunable
laser during the measurement. Since the centre wavelength of the fabricated grating coupler was
1540 nm, the crosstalk between the nearest neighbouring waveguides was measured in this wavelength.
The measured crosstalk between the nearest neighbouring waveguides ranged from —10.2 dB to —12.4 dB.
These are slight larger than the simulated values, which were below —15.6 dB. The experimentally
obtained crosstalk might be low enough to form the clear main beam since the measured horizontal
beam divergence deviated little (~0.4°) from the simulated value. In addition, the measured coupling
efficiency of the grating coupler was —4.1 dB, and the average value of the losses of the waveguides
with various widths was —3.3 dB/cm. We also note that in the wavelength region (1520-1590 nm),
the changes of the quality of the beam-profile are minute.

4. Discussion

The results of our OPA are summarized and compared with recently reported half-wavelength
pitch OPAs in Table 1. Among the OPAs with narrow spacing, our work was superior in the observed
beam-steering range, as well as in scanning speed and power consumption, which are inherent
properties of the EO phase shifter. The horizontal beam divergence near 6.8° was similar to the results
for other 1 x 16 array scale radiators [7]. Horizontal divergence can be improved by increasing the
array scale, as proved in the work [8] performed with a 1 X 64 array. Meanwhile, the end-firing OPAs
in Table 1 show very large vertical beam divergences, of over 95°, due to the flat aperture shape of
the radiator array. This widely diverging beam can be collimated using an aspheric cylindrical lens,
as demonstrated in a previous work [15]. An elliptic beam can simplify two-dimensional imaging,
if the reflected light is received using a vertically aligned one-dimensional photodetector array during
the one-dimensional transversal beam scanning. Thus, equipping the end-firing OPA with beam
reshaping optics could be a useful solution for such applications.

Table 1. Performance comparison of near half-wavelength pitch OPAs.

[6] (8] [7]

Parameters 2018 2018 2019 This Work
Configuration Short-propagation length  Non-uniform-width ~ Bent-waveguide array =~ Non-uniform-width
Scalability Low High Low High
Number of radiators 5 64 16 16
Radiator spacing (nm) 775 775 800 775
Beam-steering angle (°) +30 +80 +32 +80
Horizontal beam divergence (°) 17 1.2 6.7 6.8
Vertical beam divergence (°) 981 N/A N/A 95.6
Side-lobe suppression (dB) N/A 11.4 10 7.4
Crosstalk (dB) -11 -171 -12.6 -10.2
Type of the phase shifter TO TO TO EO
Power consumption (mW/channel) 1351 10 N/A 1.7
Scanning speed (MHz) N/A N/A N/A 20
Wavelength (nm) 1550 1550 1550 1540

1 Simulation result.

Several configurations of the waveguide array have been introduced to reduce the crosstalk
in near half-wavelength pitch, employing short-propagation length [6], bent-waveguide [7] and
non-uniform-width [8]. Short-propagation length shorter than the cross-over length can reduce the
crosstalk even in the uniform-width waveguide array. However, it suffers a low scalability of array
since, in the fan-in region, the length of densely approaching lines increases. The bent-waveguide
configuration can suppress the crosstalk by variation of the propagation constants dependent on the
bending radius. However, the routing complexity of the bent-waveguide array with S-type lines [7]
limits the construction of the large-scale OPA. In contrast, non-uniform waveguides can simply scale up
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the array to a large scale. Once the group of the waveguide widths are determined, it is able to increase
the number of the waveguides by repeating the group, while maintaining the low crosstalk [8,12].

Finally, the side-lobe suppression in our work is somewhat worse than the other works [7,8]
examined with TO phase shifters. This result might reflect the less equalized optical powers in the EO
phase shifters, since propagation loss is dependent on the currents injected for phase control. In our
previous work [11] which was conducted with EO phase shifters, a side-lobe suppression of about
8.2 dB was obtained from uniform-width grating radiators with a 2 pm pitch. Thus, the side-lobe
suppression of about 7.4 dB obtained in this work with 775 nm pitch indicates successful suppression
of the interference, thanks to the non-uniform-width waveguides.

5. Conclusions

Wide-angle beam-steering was demonstrated from a silicon 1 x 16 OPA with non-uniform
waveguide radiators. The non-uniform-width waveguides considerably alleviated crosstalk between
the compactly spaced waveguides near half-wavelength. Our radiator achieved a wide beam-steering
angle of over £80° without grating lobes. In addition, the EO phase shifter provided fast-scanning
speed and low-power operation. The results suggest the end-firing OPA with a compact radiator array
can be applied as a useful scanner for wide-angle imaging systems.
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