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A composite scanning mechanism is proposed based on an aperiodic optical phased array (OPA). The OPA of this
scheme has a two-stage scanning mode of sub-aperture multi-beam and single-beam high-resolution scanning.
The scanning mode can be adaptively switched according to different environmental conditions. While retaining
the advantages of high-speed and multi-target detection of sub-aperture multi-beam steering, a high-resolution
scanning of the region of interest is realized. Simultaneously, the array distribution of the phased array is optimized
using the adaptive-reference-point-based multi-objective evolutionary algorithm to reduce the grating lobe. The
research conducted provides ideas for OPAs in practical applications. ©2023Optica PublishingGroup
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1. INTRODUCTION

The light detection and ranging (LiDAR) system is a laser-
based imaging technology for precise distance measurement.
It is a core sensor technology for highly intelligent systems
such as autonomous driving, unmanned aerial vehicles, and
the Internet of Things, and has received wide attention [1,2].
The current mainstream LiDAR regime involves mechanical
scanning, which is plagued by slow scanning speeds, large size,
and mechanical wear and tear, thereby limiting its feasibility in
certain application fields. In contrast, a solid-state lidar system
with a silicon-based optical phased array (OPA) chip as the core
adopts the chip-level solution of the silicon platform to replace
the original relatively complex mechanical rotation structure.
It can realize a wide range of high-precision pointing controls
of the beam through electronic scanning. In addition, it is
compatible with the mature complementary metal oxide semi-
conductor (CMOS) process and is suitable for mass production
and integration, which is generally considered by the industry
as the mainstream development direction in the future LiDAR
field.

In recent years, there have been many reports on OPAs [3–5],
and the great potential for OPA applications has been demon-
strated in optical communication [6], ranging [7], indoor
optical wireless communication [8], and special beam genera-
tion [9]. The current research mainly focuses on improving the
overall performance of OPA, and has not conducted in-depth
discussions on the flexible multi-beam modulation ability of
OPA. However, the actual application scenarios are complex
and variable, and a single beam cannot meet the application

requirements. The ability of OPA to freely adjust the num-
ber and resolution of beams based on environmental changes
is highly attractive. For example, in the field of autonomous
driving, adaptive resolution can be realized according to the
different surrounding environments, and in the application of
indoor optical wireless communication, it can provide services
for multiple users in different locations at the same time. In
addition, the principle of OPA is the coherent diffraction of
light [10]. Owing to the manufacturing level, the array element
spacing is larger than half the wavelength (λ= 1550 nm).
Therefore, the far field generates grating lobes, affecting the free
adjustment ability of multi-beam. Most currently used methods
for suppressing grating lobes involve unequally spaced arrays,
which destroy the coherence condition of gating lobes by chang-
ing the array element spacing [11–13]. But these techniques are
array optimized only for the case of single-stage beam scanning
[14–16]. When performing free regulation of multiple beams,
the performance of OPA will inevitably decrease. Therefore,
the difficulty of OPA-based multi-stage beam modulation is
to ensure the performance of OPA when the beam mode is
switched.

This study proposes a composite scanning technology based
on an aperiodic OPA. The OPA of this scheme involved a
two-stage scanning mode of sub-aperture multi-beam and
single-beam high-resolution scanning. The scanning mode
can achieve adaptive switching according to different environ-
mental conditions, and can quickly scan simple objects in the
environment and obtain the details of complex objects. This
scheme demonstrates the potential of OPA to achieve multi-
stage beam switching. To ensure the stability of the performance
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and suppress the grating lobe when the scanning mode is
switched, the adaptive-reference-point-based multi-objective
evolutionary algorithm (AR-MOEA) is used to optimize the
sub-array and full-aperture distribution of the phased array.
The performance of the OPA is analyzed through a numerical
simulation.

2. PRINCIPLE

The typical one-dimensional OPA model is shown in Fig. 1.
Considering a linear uniform array with N elements and
assuming that the physical dimension of the optical antenna is
ignored, the far-field distribution function E (θ) of this OPA
can be expressed as [17]

E (θ)= f (θ)
N∑

i=1

Ai e
j
(

2π
λ

id sin θ−1ϕ
)

1ϕ =
2π

λ
id sin θs , (1)

where f (θ) is the form factor of a single antenna unit, and
the remaining are the array factors. Ai , λ, d , θ , and θ s denote
the amplitude of the light emitted by the i th element, optical
wavelength, array spacing, observation direction, and beam
scanning angle, respectively. When θ = θ s, the value of this
function reaches its peak; that is, the beam direction of the
array antenna is θ s . Therefore, by setting different progressive
phase shifts,1ϕ, the beam can be steered in different directions.
In the following simulation process, to simplify the analysis,
the form factor of the array element is assumed to be isotropic
( f (θ)= 1), and the amplitude intensity of the light from each
array element is equal (Ai = 1). The far-field light intensity can
be expressed as

I (θ)= |E (θ)|2 =
sin2

[
N π
λ

d
(
sin θ − sin θs

)]
sin2

[
π
λ

d
(
sin θ − sin θs

)] . (2)

Theoretically, the steering range of the OPA is limited by at
least two factors: aliasing and diffraction envelope. Aliasing is
the higher-order interference other than the main direction.
The diffraction envelope is the far-field diffraction angle range
of a single antenna, which is not considered here. The position
of grating lobes of a single beam are determined by

θm =± arcsin

(
mλ
d
+ sin θs

)
, m = 1, 2, 3 . . . , (3)

where m denotes the order of grating lobes, as shown in Fig. 2.
Therefore, the grating lobe is mainly affected by the spacing
between antennas.

Beam width is an index of phased array angle resolution,
which is closely related to scanning accuracy. In this paper,
the beam width is defined as the full width at half maximum
(FWHM) of the main beam:

FWHM≈
0.886λ

Nd cos θs
. (4)

As evident from the above equation, the beam FWHM is
inversely proportional to the array aperture A (A=Nd); that is,

Fig. 1. (a) Structure diagram of one-dimensional OPA; (b) illustra-
tion of one-dimensional linear phased array.

the larger the aperture, the smaller the beam FWHM and the
higher the beam angular resolution.

Now we consider the compound-scanning scheme, as shown
in Fig. 3. The sub-aperture technology in Fig. 3(a) divides the
OPA array of N elements into M sub-arrays, and the sub-arrays
are separately modulated to achieve the independent scanning
of multiple beams. Assuming that the sub-aperture array has m
elements and that the element spacing d is equal, the far-field
distribution function of the OPA can be expressed as

E (θ)=
N∑

n=1

e j nd 2π
λ

(
sin θ−sin θs

)

=

m∑
n=1

e j nd π
λ

(
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(
sin θ−sin θ2

)
+ . . .

+

m∑
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e j nd π
λ

(
sin θ−sin θM

)
,

(5)

where θ i (i = 1, 2, . . . , M) denotes the main lobe of the i th
beam. In Eq. (5), the far-field intensity distribution function is
the sum of M different period functions, and θ i corresponds to
different steering directions, implying that M different main
lobes appear at M different positions. Thus, each subarray in
Fig. 3(a) is equivalent to an independent small-aperture OPA,
which realizes independent scanning of multiple beams, and can
detect and improve data acquisition in parallel.

The single-beam high-resolution scanning technique in
Fig. 3(b) achieves single-beam scanning by phase-modulating
all sub-aperture arrays as a whole. From Eq. (5), it is evident that
in the case of a single beam, the array aperture is M times the
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Fig. 2. Schematic diagram of far-field intensity distribution.

Fig. 3. Schematic of the composite scanning mechanism: (a) sub-
aperture multi-beam scanning technique and (b) single-beam
high-resolution scanning technique.

sub-aperture, implying that the FWHM of the OPA at this time
is 1/M that of the multi-beam. Therefore, the single beam has
a high-resolution performance and can obtain detailed data in a
three-dimensional space. From the above analysis, it is evident
that the switching of the two scanning methods can achieve a
balance between high resolution and high frame rate, which has
excellent potential for practical applications.

The presence of grating lobes in equally spaced phased arrays
can interfere with multi-beam scanning, so this paper uses
the aperiodic OPA to prevent the appearance of grating lobes.
This method destroys the coherence condition of the grating
lobe and compresses the energy of grating lobes into the back-
ground, which will lead to the enhancement of background
noise. Therefore, to design an OPA with good performance,
the element spacing must be optimized so that both scanning
modes can achieve good grating lobe suppression. Grating lobe
suppression refers to obtaining the best sidemode suppression
ratio (SMSR):

SMSR= 10 lg

(
Imax sidelobe

Imainlobe

)
, (6)

where Imaxsidelobe and Imainlobe represent the maximum-power
light of the sidelobe and the power of the main lobe, respectively.

Array optimization is a nonlinear problem, and the SMSR
of both the sub- and full aperture must be optimized, which
evolves into a multi-objective optimization problem. Here,
the multi-objective optimization platform Platemo and the
AR-MOEA proposed by Tian et al. for the solution are used
[18,19]. As shown in Algorithm 1, AR-MOEA uses the same

Algorithm 1. General Framework of AR-MOEA

Input: N (population size), NR (number of reference points and
archive size)

Output: P (final population)
1 P ←Randomly initialize N solutions;
2 A← P ;
3 R←Uniformly generate NR points on unit simplex;
4 R ′← R ;
5 while termination criterion not fulfilled do
6 P ′← Select N solutions from P by mating pool selection;
7 O←Generate offsprings by genetic operators based on P ′;
8 [A, R ′]←Update the archive A and adapted reference

points R ′;
9 P ← Select N solutions from P by environmental Selection;
10 end
11 return P ;

algorithm framework as most index-based MOEAs. The dif-
ference is that AR-MOEA is based on an enhanced inverted
generational distance indicator, where a set of points sampled on
a unit simplex is adopted as the reference points for calculation
of the indicator value. It can adaptively adjust the distribution
of the reference points according to the shape of the current
population in objective space, and thus make the reference
points capable of capturing different shapes of Pareto fronts.
The simulation results show that the algorithm is suitable for
OPA array optimization. The mathematical model of the array
optimization is as follows:

min
x

f (x )= ( f1(x ), f2(x ), . . . , fL(x ))T

s.t. min (d1, d2, · · ·, dN−1)≥ dmin,

max
(
d1, d2, . . . , dN−1

)
≥ dmax

(7)

where f (x ) is the SMSR of the optimized target, L is the num-
ber of optimization targets, and dmin and dmax are the minimum
and maximum spacings between adjacent antennas, respec-
tively. In this experiment, the optimization targets f (x ) are the
SMSR of the OPA in different cases, such as different angles,
various scanning modes, and the difference between beams in
the multi-beam case. Considering the size of the optical antenna
and the cross talk phenomenon, the optimized range of antenna
spacing inside the sub-array is set to 1.3−3.3λ, sub-array spac-
ing is 1.3−9λ, optical wavelength is 1550 nm, total number of
OPA elements is 64, number of sub-apertures M is four, and the
optimized scanning range is±40◦.
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Fig. 4. Array element distribution of the 64-element OPA.

3. SIMULATION

First, consider the simplest case, and assume that the 64-element
OPA analyzed is composed of four identical 16-element OPAs.
We use the AR-MOEA to optimize the array element spacing
of the 16-element OPA and the layout of the four OPAs. The
array element distribution of the 64-element OPA obtained is
shown in Fig. 4. We use Eq. (1) to calculate the required phase
1ϕ for each OPA, and load the phase onto each array element
to form the far-field distribution of multiple beams. As shown
in Fig. 5(a), the four beams appear at −30◦, −10◦, 10◦, and
30◦, respectively. At the same time, we take the 64-element
OPA as a whole, and calculate the phase under the full aperture
to obtain the far-field intensity distribution of a single beam,
as shown in Fig. 5(b). In the multi-beam case, the SMSRs
of the four beams are −6.68 dB, and the FWHM values are
1.98◦, 1.87◦, 1.87◦, and 1.98◦, respectively. It can be observed
that the SMSR and FWHM of the beam are symmetric about
θ = 0◦, which is because the four beams can be approximated
as one beam formed by the same array at different angles when
the sub-apertures are the same. The difference in the energy of

the main beam comes from the interaction between the far-field
energies of the four sub-arrays. In this case, the result of the
symmetry conforms to Eq. (1), and the FWHM of the beam
widens with increasing angle. The SMSR is−11.60 dB and the
FWHM is 0.36◦ for the single-beam case with θ = 0◦, which is
approximately 1/4 of the multiple beams. This means that the
scanning accuracy of the single beam is about four times that
of the multi-beam, and detailed information of the scanned
background can be obtained. Further, comparing the beam
characteristics in the two scanning modes, it can be observed
that the SMSR of the single beam is better than the SMSR of the
multi-beam. This is mainly because the sidelobe energies of the
subarrays superimpose on each other, leading to an increase in
background noise. This deficiency can be solved by subsequent
signal processing at the receiving end and increasing the number
of array elements, which does not affect the feasibility of the
scanning scheme.

Next, the scanning situation of the composite OPA is ana-
lyzed. In the multi-beam case, the scanning range of ±40◦ can
be evenly divided into four parts. By means of parallel detection,
each sub-array is responsible only for the 20◦ field of view to
complete the data acquisition of the full field of view, greatly
accelerating the efficiency. In addition, compared with the
single-beam case, the FWHM of the sub-array is larger, and
the number of points collected by scanning the same field of
view is less, which can speed up the scanning rate and reduce the
subsequent data processing workload. When the object in the
field of view is too complex, switching to the single beam with
high resolution through phase control does not affect the mod-
eling and analysis of the object. Assume that the multi-beam
is rotated 5◦ to the right and the single beam is rotated 40◦ to
the right. The required phase 1ϕ is calculated for each array
element. The obtained far-field intensity distribution is shown
in Figs. 5(c) and 5(d). The SMSR of the four beams is−6.05 dB,
and the that of the single beam is−11.42 dB, indicating that the
variation of SMSR during steering is small. Thus, the designed
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Fig. 5. Far-field intensity distribution: (a) multi-beam; (b) single beam; (c) multi-beam after tunning; (d) single beam after tunning.
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Fig. 6. Far-field intensity distribution: (a) multi-beam; (b) single beam; (c) multi-beam after tunning; (d) single beam after tunning.

OPA also has good scanning characteristics. The above analysis
shows that the designed scheme can achieve a balance between
high resolution and high frame rate.

Further, the design of a custom array is considered. In prac-
tice, we expect different amounts of data and different levels
of model precision for different angular ranges within the field
of view. Therefore, we need to design the sub-aperture of OPA
according to the specific performance requirements in different
tasks and environments. For example, we hope that the FWHM
of the two beams at±10◦ is set to 1◦, while the FWHM of the
two beams at±30◦ is set to 2◦.

Based on the above assumptions, the sub-aperture array of
OPA is optimized using AR-MOEA, and the required phase
is loaded to obtain the far-field intensity distribution of the
OPA, as shown in Fig. 6. In the case of multi-beam, the SMSR is
6.68 dB, the FWHM of the beam is 1.08◦ at θ =±10◦, and the
FWHM of the beam is 2.04◦ at θ =±30◦, which is consistent
with the design requirements. In the case of single beam, the
FWHM is 0.25◦, and due to the reduced degrees of freedom for
optimization, the SMSR is only 10.22 dB. Similarly, Figs. 6(c)
and 6(d) show the far-field intensity distribution after steering,
indicating good scanning characteristics of the OPA. It is worth
noting that during the optimization process, it was found that
the actual FWHM of the multi-beam has an error with the
expected results of Eq. (4). We believe this is due to the fact that
the far field of the multi-beam is formed by the superposition of
the far fields of the four subarrays. Figure 7 shows the individual
far-field intensity distribution of the four subarrays. Comparing
Figs. 6 and 7, it can be found that the sidelobe energy of the
sub-array broadens the main beam and enhances its energy, thus
causing the FWHM to be inconsistent with the equation, which
brings difficulty to the design. The requirement we assume is
relatively simple, but it also shows that the proposed composite
scanning scheme has a very high degree of freedom and can be
customized to meet different application scenes.
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Fig. 7. Individual far-field intensity distributions of the four
sub-arrays.

4. CONCLUSIONS

This study proposed a composite scanning technique based on
an aperiodic OPA. The OPA of this scheme had two scanning
modes, and the scanning mode can achieve adaptive switching
according to different environmental conditions. The sub-
aperture multi-beam scanning mode realized the scanning
of simple objects in the environment more quickly, while the
single-beam high-resolution scanning mode obtained detailed
information about complex objects. The multi-objective opti-
mization algorithm called AR-MOEA is used to optimize the
design of the array element spacing of the aperiodic OPA to
achieve grating-lobe suppression. Further, the beam charac-
teristics of the uniform and custom arrays are compared and
analyzed through mathematical simulations, which showed
that the designed OPA exhibited good performance. The study
results provide a new idea for the practical application of OPA in
the future.
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