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Abstract. Existing OPAs are typically based on 2D rectangular arrays or 1D linear arrays. Both approaches
present a limited field-of-view (FOV) due to the presence of the grating lobes when the element spacing is
larger than λ/2. To address the need for an increased steering range, we propose a new design strategy of an
OPA system utilizing a 2D circular phased array, with a substantially increased FOV. We present a circular
OPA using a demonstrated antenna element design, with an 820-element array. A steering range ΩSR
calculated as a solid angle of 0.51π sr, and an angular beamwidth of 0.22°, was achieved. The array exhibits
a sidelobe suppression larger than 10 dB, and a FOV of 2π sr. Although the performance is limited by the far
field pattern of the individual antenna we chose, our circular OPA achieved, to the best of our knowledge, the
largest steering range reported to date compared to the state-of-the-art integrated optical phased arrays
reported in literature.

1 Introduction
In the last decade extensive research has been reported on
static integrated optical phased arrays (OPAs) for solidstate beam steering with fast scanning and high resolution.
These OPA systems typically use either a 2D rectangular
array of antennas [1, 2], or a 1D linear array of antennas
with wavelength sweeping to achieve a two-dimensional
beam steering [3-7]. The far field radiation pattern of a
rectangular or linear array shows unavoidable strong
grating lobes, when element spacing is larger than λ/2.
Therefore, these arrays demonstrate a restricted aliasingfree beam steering range, exhibiting a limited field-ofview (FOV). To suppress the grating lobes, we propose an
OPA system using a 2D circular configuration. By
implementing a circular array, the grating lobes are
reduced hence increasing the system FOV and the steering
range.
The circular OPA provides to date, to the best of our
knowledge, the largest steering range compared to other
reported integrated OPAs, while keeping the sidelobe
suppression larger than 10 dB [8]. In this work, we present
a circular array design: using 820 elements in total to
show the superior performance compared to the reported
OPAs with a compatible number of elements. As a unique
feature of circular arrays, the design shows a theoretical
maximum FOV of 2π sr, due to the effective suppression
of grating lobes.

2 Beam formation and steering
*

A schematic view of our proposed circular array
configuration is shown in Fig. 1, the blue dots represent
the nano antennas. The circular array contains N
concentric rings whose radius is given by:
Rn=R0+(n-1)dr

(1)

Fig. 1. Schematic view of circular array configuration.

where R0 is minimum radius of the first center ring, n is
the number of rings and dr is the delta radius between two
adjacent rings. There are M antennas locating in each ring
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with an equal angular spacing between two adjacent
antennas in the same ring. In total, M×N elements are
radially arranged in this circular array. Here we assume
isotropic antennas, where each identical antenna element
emits signal uniformly in all directions. The far-field
radiation pattern obtained for the circular antenna array is
defined as the array factor, which can be expressed as [9]:
𝑀

𝑁

2𝜋

𝐴(𝜃, 𝜙) = ∑ ∑ 𝑎𝑚𝑛 𝑒 −𝑖 𝜆 𝑠𝑖𝑛(𝜃)cos(𝜙−

subwavelength engineered to have a refractive index of
2.32 in order to reduce the back reflection at the interface
of the waveguide and antenna. The grating lines have a
circular curvature with a wedge opening angle of 26°. The
footprint of this nano antenna is only 5.5 µm × 2.5 µm. It
shows an upward radiation coefficient of -1.55 dB and a
back-reflection as low as -19.94 dB at 1550 nm. A 3D
schematic view of the nano antenna and its far-field
radiation pattern are presented in Fig. 3.
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(2)
where amn is the element weight coefficient which is equal
to 1⁄(M×N) for each element, N is the total number of
rings, λ is the wavelength, θ and ϕ are the elevation and
azimuth angles, respectively. As a comparison, in a
rectangular array, the array factor is given by Eq. 3 where
M is the number of elements in each row, N is the number
of elements in each column, dx and dy are the elements
spacing in x and y axis [9].
𝐴(𝜃, 𝜙)
𝑀

𝑁
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= ∑ ∑ 𝑎𝑚𝑛 𝑒 −𝑖 𝜆 [𝑑𝑥 sin(𝜃) cos(𝜙)+𝑑𝑦 sin(𝜃)sin(𝜙)]
𝑚=1 𝑛=1

(3)
The array factors are calculated for a wavelength of
1550 nm. Fig. 2a shows the calculated amplitude of array
factors, with N = 20, M = 41, R0 = 60 µm, dr = 9 µm, in
the uv space where u = sin(θ)cos(ϕ), v = sin(θ)sin(ϕ). The
scanning region corresponds to an entire hemisphere with
1° resolution to reduce the simulation time (θ = 0°:1°:90°,
ϕ = 0°:1°:360°). The elevation cut at ϕ = 0°, calculated
with 0.01°resolution to measure the angular beamwidth,
for the array is shown in Fig. 2b. The inset is the zoom-in
view of the array factor when elevation angles are in the
range of -5° < θ < 5°. The sidelobe suppression is
measured to be 19.16 dB, while the angular beamwidth
can be measured as 0.22°. In the applications for
autonomous vehicles, it corresponds to a recognition of an
object of 38 cm in size at a distance of 100 m away from
the OPA. In the contrast, considering a same number of
elements N = 20, M = 41 and choosing the minimum
distance between adjacent elements in the circular array
as the element spacing in the rectangular array, i.e., dx =
dy = dr = 9 μm. Fig. 2c shows the calculated array factor
of such rectangular array, a large amount grating lobes can
be observed for the rectangular array.
The array far-field pattern (AFP) of the circular array
can be calculated as the far-field of each individual
antenna E(θ, ϕ) multiplied by the circular array factor
A(θ, ϕ) [1, 8]:
AFP = E(θ, ϕ) × A(θ, ϕ)

Fig. 2. (a) Simulated amplitude of the array factor in dB in uv
space for Array with N = 20, M = 41, 𝑅0 = 60 µm, 𝑑𝑟 = 9 µm at
θ = 0°, ϕ = 0°; (b) Elevation cut (ϕ = 0°) of the array factor of
Array 1; inset in (b) shows the zoom-in view of the array factor
when elevation angles are in the range of -5° < θ < 5°; (c)
Simulated array factor in dB of rectangular array with N = 20, M
= 41, 𝑑𝑥 = 𝑑𝑦 = 9 µm.

(3)

Using a commercial finite difference time domain
(FDTD) tool, by adapting our recent published grating
coupler [11, 12], we have designed a nano antenna on a
silicon-on-insulator waveguide with a 2 µm thick upper
and buried SiO2 cladding. It consists of 5 periods, each
period contains 4 segments with lengths (L1 = 280 nm, L2
= 130 nm, L3 = 196, L4 = 134 nm). The first segment is

Constructing the circular arrays using the above nano
antenna, and collaborating with independent controlled
phased shifters, we can achieve beam steering over the
area within the antenna radiation far field pattern. Fig. 4
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shows the steering range of the array with sidelobe
suppression larger than 10 dB. The white circles
correspond to the elevation angle θ from 0° (surface
normal) to 90°, while the straight lines crossed center
marked by outer black number represents the azimuthal
angle ϕ from 0°to 360°. Because of the irregular shape of
the steering range, the steering range is calculated as a
solid angle:
ΩSR=∬steering range sinθdθdϕ (4)

According to Eq. 4, we can obtain the steering range
of such circular array ΩSR of 0.51π sr. It covers more than
20% over the full hemisphere in the forward direction by
a single OPA. Moreover, the angular beamwidth of the
OPA is as low as 0.22°.

3 Conclusion
In this work, we present a new circular optical phased
array design which provides an array factor with
effectively suppressed grating lobes resulting an overall
sidelobe suppression larger than 10 dB. Although
theoretically it is possible for the circular OPA to achieve
the full FOV of 2π sr at a specific wavelength by using
ideal isotropic individual nano antenna elements, we use
practical pre-designed and demonstrated antenna
elements for our numerical studies. With 820 elements in
total, the circular OPA provides a ΩSR as large as 0.51π sr
covering more than 20% over a hemisphere in the forward
direction. We believe that the proposed circular OPA
design offers a promising solution to achieve large 2D
beam steering range and high angular resolution
demanded by applications such as integrated photonic
lidars for autonomous vehicles.
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Fig. 3. (a) Schematic 3D view of nano antenna; (b) The
corresponding far-field radiation pattern of the optical
nanoantenna at λ = 1550 nm, calculated from the near-field
emission using the near-to-far-field transformation.

Fig. 4. Steering range of circular array operating at 1550 nm.
The yellow area represents the set of all steerable angles where
the sidelobe suppression is larger than 10 dB, and the blue area
represents non-steerable angles.
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