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ABSTRACT This paper proposes an efficient optimization design method for large circular phased arrays
with low sidelobes for beam scanning. Based on the differential evolution algorithm (DE), each layer’s
radius and element number are optimized to obtain the required element arrangement. If the main beam
scans from the Z-axis, it is difficult for designers to find the maximum sidelobe. In addition, a computer
with a large memory is required to achieve the final fine verification of the array elements arrangement,
and the calculation time is unbearable. To solve these problems, the array structure is rotated so that
the direction of the main beam is rotated to the Z-axis, and then the radiation pattern is divided into
high-density and low-density areas for random sampling, which improves the calculation speed while
ensuring the calculation accuracy. To quickly verify whether the array arrangement obtained by the final
design meets the performance requirements, the radiation pattern of the final result is distributed to
multiple computers for distributed calculation, which significantly reduces computer memory and time
consumption. The numerical experiment shows that the method proposed in this paper can obtain the
array arrangement that meets the performance requirements in a short optimization time.

INDEX TERMS Large circular array, phased array, beam scanning, low sidelobe, differential evolution
algorithm (DE).

I. INTRODUCTION

INRADAR detection, to obtain a long detection range and
high angular resolution, high antenna gain and low radia-

tion pattern sidelobes are required in the antenna system [1].
A single antenna usually cannot meet the performance
requirements, and combining antennas into an array can sig-
nificantly increase the overall gain and reduce the maximum
sidelobe. A circular array is a common form of the pla-
nar array [2], [3], [4], [5], [6], [7], [8], [9], it is often
used in radar tracking, remote sensing, biomedical imag-
ing, satellites, ground communication, and other applications

[10], [11], [12]. The circular array is geometrically symmet-
ric with respect to the center of the circular ring, so the
circular array can provide a nearly constant beam pattern
for 360◦ azimuth coverage [5], [13], [14], [15]. The circular
array can consist of either a single ring [16], [17], [18], [19]
or multiple concentric rings [20], [21], [22], [23]. The gain
of the array is mainly determined by the size of aperture.
For circular arrays, designers can obtain higher gains by
setting more ring layers. There are mainly two ways to
achieve low sidelobe for circular arrays. The first is to adjust
the amplitude of the feed in each element, and the second
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is to adjust the distance between the elements [24], [25].
Although the second way for sidelobe reduction is not man-
ifest as the first one, it can ensure that the power of each
element is not lost, so the second way is chosen to achieve
low sidelobe performance in this work. Besides, the array
needs to have a certain scanning angle to realize the detection
function within a given space coverage. Compared with the
mechanical scanning method of rotating the array arrange-
ment, controlling each element’s feeding phase to realize
beam scanning is faster and more reliable [26], [27].
Determining the location of elements in a phased array

is a difficult and time-consuming task. The optimization of
the element position of circular arrays is temporarily diffi-
cult to be converted into convex optimization, so efficient
and robust convex optimization may not be effectively intro-
duced. Designers often use global optimization algorithms to
determine the element position of circular arrays [28], [29].
Differential evolution algorithm (DE) is an efficient global
optimization algorithm [30], which is often used for the
optimal design of antenna structure parameters and array
element arrangement because of its simplicity and robust-
ness [31], [32], [33], [34]. In this work, DE is used to
optimize each layer’s radius and element number, which
can used to calculate the position of each element, so that
the array can meet the requirements of the sidelobe in all
scanning angles.
When DE is used for optimization, the fitness function

is the main factor we need to consider first. To mini-
mize the maximum sidelobe, we first need to express the
maximum sidelobe of the radiation pattern in a mathemat-
ical form. However, once the direction of the main beam
scans from the Z-axis, it is difficult to accurately and
quickly find the maximum sidelobe from the main beam
to the surroundings. In addition, after finding a satisfy-
ing solution using DE, designers need to verify whether
it meets the performance requirements. It is usually nec-
essary to finely sample and calculate the 3D radiation
pattern. The sampling points are dense, so a large amount
of data needs to be stored. Therefore, a large computer
memory is required and the calculation time may also be
unbearable.
In order to solve these problems, three innovations are

proposed in this paper to accurately and quickly find the
maximum sidelobe of the radiation pattern, and significantly
reduce the time consumption of the final fine verification.
Firstly, to numerically find the maximum sidelobe from the
main beam to the surroundings, the array structure is rotated
so that the main beam turns to the Z-axis. At this time,
designers only need to find the maximum sidelobe on each
ϕ cut-plane of the radiation pattern, which simplifies the
process of finding the maximum sidelobe. Secondly, when
looking for the sidelobe of the radiation pattern, the calcula-
tion speed and the accuracy of the founded sidelobe are two
conflicting parts. To improve the calculation speed under the
premise of adequate sidelobe accuracy, a random sampling
method with unequal density is proposed. To prevent the

largest sidelobe from being missed, high-density fine sam-
pling is performed in areas where the main lobe is likely to
exist. Low-density coarse random sampling is performed in
other areas to improve calculation speed. The sampling point
locations are changed randomly with each DE iteration, to
prevent the final result from meeting performance require-
ments only at fixed sampling points. Lastly, to reduce the
memory requirement of a single computer and calcula-
tion time consumption in the final fine verification, each
ϕ cut-plane of the radiation pattern is assigned to differ-
ent computers for parallel distributed computation. Because
the computation is distributed across multiple computers,
the memory consumption for each computer is reduced.
Thanks to the parallel calculation method, the calculation
time is greatly shortened. Distributed radiation pattern com-
puting significantly reduces the memory requirements of
the computer, improves the verification speed, and also
makes it possible to implement fine verification in personal
computers.
Numerical experiments are used to verify the effectiveness

of the proposed method. The rest of this paper is arranged
as follows. Section II introduces the arrangement of the cir-
cular array elements. Section III introduces the optimization
design process of this method. In Section IV, the method
is used in numerical experiments to prove its effectiveness.
In Section V concluding observations are given.

II. ARRAY BASIC THEORY AND ARRANGEMENT OF
CIRCULAR ARRAY ELEMENTS
Consider a N-element antenna array with the nth element
Rn located at (xn, yn, 0) in the Cartesian coordinate system.
For an observing at direction (θ , ϕ), where θ and ϕ are
the angular in the global spherical coordinate system, the
far-field pattern F(θ , ϕ) can be expressed by

F(θ, ϕ) =
N∑

n=1

f elen (θ, ϕ)wne
jk(xn sin θ cos ϕ+yn sin θ sin ϕ) (1)

where f elen (θ, ϕ) is the radiation pattern of each element,
wn is the complex excitation of the nth element. If all
antenna elements in the array have the same element pattern
and ignoring the differences in each element pattern caused
by mutual coupling effects, f elen (θ, ϕ) can be replaced by
f ele(θ, ϕ). Then Equation (1) can be further expressed as

F(θ, ϕ) = f ele(θ, ϕ)

N∑

n=1

wne
jk(xn sin θ cos ϕ+yn sin θ sin ϕ)

= f ele(θ, ϕ)f (θ, ϕ) (2)

where f ele(θ, ϕ) is the pattern of the same array element,
f (θ, ϕ) is the array factor. Equation (2) is also known as the
pattern multiplication theorem, which is used to calculate
the array pattern.
As an important indicator of the array, the sidelobe can

reflect the concentration of energy. Before finding the max-
imum sidelobe, it is necessary to find the first nulls, which
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FIGURE 1. Original array element arrangement.

is the first minimum value found on the side from the max-
imum radiation direction. The first nulls divide the pattern
into the sidelobe region and the main lobe region. The max-
imum sidelobe is the maximum value in the sidelobe region.
Gain is another important performance indicator of the array.
The larger gain allows signals to be transmitted further. The
gain can be calculated as follows

G(θ, ϕ) = η
4π |F(θ, ϕ)|2

∫ 2π

0

∫ π

0 |F(θ, ϕ)|2 sin θdθdϕ
(3)

where η is the radiation efficiency. For the phased array,
designers mostly try to maximize the gain in the desired
main beam direction.
In this research, the main beam angle of the beam scanning

array can be described by θ∗ and ϕ∗, where θ∗ represents the
angle between the main beam direction and the Z-axis, and
ϕ∗ represents the angle between the main beam direction and
the xoz plane. As a strongly symmetrical array composition
method, the circular array has the characteristic that the
element arrangement is still approximately the same after
rotating at any angle with the z-axis as the rotation axis, so
the scanning angle in the ϕ direction has minor influence
on the difference of maximum sidelobe level.
The arrangement of the array elements is shown in Fig. 1,

and each black circle in the figure represents an antenna
element. The entire array is composed of N layers of circular
rings, and the radius of each circular ring is Ri, i=1, 2, . . . ,N.
Any two adjacent elements of this circular array on each
layer of the circular ring have the same angle difference, so
adjusting the radius Ri of the circular ring and the number
of elements Mi of each circular ring can effectively adjust
the distance between the elements.

III. THE PROCESS OF OPTIMAL DESIGN
A. PROBLEMS AND DIFFICULTIES
For large arrays, designers often need to find the maximum
sidelobes in each ϕ cut-plane of the radiation pattern. As
shown in Fig. 2, the main beam direction scans from the
Z-axis due to beam scanning. In this case, designers can-
not tell whether the maximum in each ϕ cut-plane is the

FIGURE 2. The process of finding sidelobes.

true maximum sidelobe or part of the main lobe. Therefore,
the process of finding sidelobes cannot be easily realized.
In addition, because designers cannot determine where side-
lobes may exist, global high-density sampling of the radiation
pattern is required. This consumes a lot of computer memory
and computing time, which is obviously unbearable for
population-based algorithms that need to repeatedly calculate
radiation patterns.
For a large circular array with 10 rings, let’s assume that

the main beam is not scanned, and its main beam points to
the Z-axis. The angle needs to be calculated is θ∈[0, 90◦

]
∪ϕ∈[0, 360◦

]. To sample the entire array radiation pattern
globally with equal density at a sampling interval of 0.05

◦
,

the amount of sampling point data that needs to be stored
is 1800×7200, which is about 1.3×107. The radiation pat-
terns of all antenna elements need to be considered at each
sampling point. Assuming that there are 2500 antenna ele-
ments in total, the amount of data that needs to be stored in
the computer memory during the calculation is 3.24×1010.
Ordinary personal computers are usually unable to store such
massive amounts of data during calculations. Even if the cal-
culation can be done, the time-consumption is prohibitive.
When verifying the final arrangement of array elements, the
same large number of sampling points also need to be cal-
culated. Therefore, it is difficult to optimize large circular
arrays for designers using existing methods.

B. ALGORITHMIC FRAMEWORK
Phased arrays usually need to achieve the required
performance indicators within a certain scanning angle.
Thanks to the nearly symmetrical arrangement of the cir-
cular array, the pattern difference in the beam scanning
angles with different ϕ direction is almost negligible, thus we
mainly consider the down-tilt angle θ∗ of the beam scanning.
Through a lot of experiments, we have observed that for the
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same array arrangement, the sidelobe and gain obtained at
the maximum down-tilt angle θ∗

max of the main beam are the
worst values within the beam scanning range. Therefore, as
long as the performance at the maximum down-tilt angle θ∗

max
can achieve the optimization target, other scanning angles are
also able to meet the design requirements. In this work, only
the maximum sidelobe in the main beam direction (θ∗

max, 0
◦
)

is optimized. After the arrangement of the array elements is
obtained, the multiple scanning angles are verified to ensure
that design specifications are met. The results confirm that
only optimizing the array elements arrangement in (θ∗

max, 0
◦
)

direction scanning case can sufficiently get the results that
meet the design requirements.
The design goal of the circular array is to meet the sidelobe

and gain requirements within a given main beam scanning
range. The gain depends on the aperture size of the array,
and a sufficient number of circular layers can be selected to
meet the gain index. In this work, the radius and the number
of elements of each circular ring are mainly optimized to
achieve as low a sidelobe as possible. The fitness function
F can be expressed by the following equation

F = max
ϕi∈[ϕ1,...,ϕn]

20 · lg

∣∣∣∣
AFside,θ∗

max
(ϕi)

AFmain,θ∗
max

∣∣∣∣ (4)

In Equation (4), θ∗
max represents the maximum down-tilt

angle of the main beam scan. ϕ1 ∼ ϕn divide the radiation
pattern into n cut-planes, and i represents the index of the
ϕ cut-plane. AFmain,θ∗

max
represents the maximum main lobe

of the radiation pattern at the maximum down-tilt angle,
and AFside,θ∗

max
(ϕi) represents the maximum sidelobe of the

ϕi cut-plane radiation pattern at the maximum down-tilt
angle.
How to accurately and quickly find AFside,θ∗

max
(ϕi) is the

main difficulty in optimizing the maximum sidelobe of the
phased array with scanned main beam. As mentioned in
Section I, this work proposes measures such as rotating array
structure, unequal-density random sampling, and distributed
computing for radiation patterns, which greatly accelerates
the calculation speed and reduces the optimization time under
the premise of ensuring the accuracy of obtained sidelobes.
The specific operation of this method is shown in Fig. 3.

Firstly, the initial parent population is randomly generated
and the fitness value of each individual is calculated. Then
the mutation and crossover operation of DE is executed
to generate an offspring population. Afterward, the fitness
function of each offspring individual is calculated, and the
selection operation is executed in which individuals with
lower fitness values are retained to form a new population.
Finally, it is judged whether the stop criterion is satisfied. If
yes, the distributed calculation of the precise radiation pattern
is executed. Otherwise, the mutation and crossover operation
will be re-executed to generate a new offspring population.
When calculating the fitness, the array structure is firstly
rotated so that the main beam points to the Z-axis, and
then the radiation pattern is unequal-density random sam-
pled. Afterward, the maximum sidelobe in each ϕ cut-plane

FIGURE 3. The process of the proposed optimization design method.

FIGURE 4. Array element arrangement after rotating the array structure.

is calculated. Finally, the fitness value which represents the
normalized maximum sidelobe is obtained by Equation (4).
The measures of rotating array structure, unequal-density

random sampling, and distributed calculation of radiation
patterns will be described in detail in Sections III-C∼III-E.

C. ROTATING ARRAY STRUCTURE
Finding the maximum sidelobe is essentially a peak-finding
problem, which is finding a second peak beside the maximum
peak. When the main beam scans from the Z-axis, due to the
limitations of the spherical coordinate system, it is difficult
to accurately realize the process of finding the second peak
from the maximum peak to its surroundings. In this case,
as Fig. 4 shows, we rotate the position coordinates of each
element in the array to translate the main beam direction to
the Z-axis. The process of rotating the array structure can
be described as follows

⎛

⎝
X
Y
Z

⎞

⎠ = T1 ·
⎛

⎝T2 ·
⎛

⎝
X∗
Y∗
Z∗

⎞

⎠

⎞

⎠ (5)

T1 =
⎡

⎣
cos θ∗ 0 − sin θ∗

0 1 0
sin θ∗ 0 cos θ∗

⎤

⎦T2 =
⎡

⎣
cos ϕ∗ sin ϕ∗ 0

− sin ϕ∗ cos ϕ∗ 0
0 0 1

⎤

⎦ (6)

In Equation (5), X, Y, and Z are the new position coor-
dinates of each element obtained after rotating the array

VOLUME 4, 2023 893



ZHANG et al.: EFFICIENT OPTIMIZATION DESIGN OF LARGE CIRCULAR PHASED ARRAYS WITH LOW SIDELOBES

FIGURE 5. The process of finding sidelobes after rotating the array structure.

structure. Whereas X*, Y*, and Z∗ are the original space
coordinates of each element. In Equation (6), operator T2
rotates each element around the Z-axis in order to rotate the
main beam pointing to the xoy plane. Operator T1 rotates
the array coordinates obtained by T2 with the Y-axis as the
rotating axis and finally obtaining the main beam pointing
to the Z-axis.
As shown in Fig. 5, after rotating the array structure, the

main beam accurately points to the Z-axis. When looking for
the maximum sidelobe in each ϕ cut-plane, θ=0

◦
direction is

the maximum beam direction. At this point, we can ensure
that the second peak is the sidelobe of this ϕ cut-plane.
After all ϕ cut-planes are calculated, the maximum sidelobe
obtained in all ϕ cut-planes is the maximum sidelobe in the
whole radiation pattern. This method greatly simplifies the
process of finding the maximum sidelobe and establishes
the foundation for the subsequent unequal-density random
sampling.

D. UNEQUAL-DENSITY RANDOM SAMPLING
As shown in Equation (4), the main lobe and the maximum
sidelobe need to be found exactly to calculate the fitness
value. After the array structure is rotated, the main lobe
AFmain,θ∗

max
can be easily found in θ=0

◦
direction. At this

time, we only need to find the maximum sidelobe of the
radiation pattern in each ϕ cut-plane. The accuracy of finding
the maximum sidelobe is directly related to the density of
sampling points. In order to avoid that missing directions
do not meet the sidelobe requirements, the radiation pattern
is usually finely sampled, but this unbearably consumes a
lot of computer resources due to large computational time
consuming.
In order to achieve the optimization goal faster on the

premise of ensuring the calculation accuracy of the sidelobe,
we propose an unequal-density random sampling method.
A real 3D radiation pattern is shown in Fig. 6(A) and
Fig. 6(B). As can be seen in the figure, after rotating the
array structure, the main beam points to the Z-axis, whereas
the original Z-axis has a certain down-tilt. The area around
the original Z-axis and the main beam is more likely to
have the maximum sidelobe, which is marked as blue area

FIGURE 6. Schematic diagram of the unequal-density random sampling.

in Fig. 6(C). Therefore, we divide the high-density comput-
ing area and the low-density computing area as shown in the
dark gray area in Fig. 6(C). High-density fine calculation of
this area can avoid missing the maximum sidelobe.
Since the arrangement of the circular array elements is

near-axisymmetric, we only need to set the fine calculation
area to cover all half of the blue area to ensure that the
maximum side lobe is not missed. In this work, we set the
maximum down-tilt angle of the beam to be θ∗

max. After
rotating the array structure, the main beam points to the Z-
axis, and the original Z-axis down-tilt angle is also θ∗

max. We
take the original Z-axis downward direction as the reference
0

◦
direction of ϕ, and sample the radiation pattern with

a high density in the area of ϕ ∈ [0
◦
, 90

◦
] ∪ θ ∈ [0

◦
,

θ∗
max+ 20

◦
]. In the rest of the area, only low-density sampling

is performed, which realizes the unequal-density setting of
sampling points, and improves the optimization speed on the
premise of ensuring the accuracy of sidelobe estimation.
DE is a “greedy” and “cunning” global optimization algo-

rithm. In order to find the arrangement corresponding to
the lower fitness function, the maximum sidelobe may shift
toward the area where no sampling points are set as the
optimization proceeds. At this time, although the normalized
maximum sidelobe value obtained by the optimization result
meets the design target, the real maximum sidelobe may not
fully satisfy the needs after precise calculation. To solve
this problem, we set a random perturbation at each sam-
pling point. The calculation process of the sampling point
coordinates position is shown as follows

θi,j = �θ · (i− 1 + α · ri,j
)

ϕi,j = �ϕ · (j− 1 + α · ri,j
)

(7)
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TABLE 1. Comparison of two radiation pattern calculation methods.

where i represents the index number of the sampling point
in the θ direction, j represents the index number in the
ϕ direction, �θ represents the sampling interval in the θ

direction, and �ϕ represents the sampling interval in the ϕ

direction. Besides, r represents a random number generated
according to the standard normal distribution probability.
According to the 3σ principle, in order to make the upper and
lower limits of the disturbance variation both range 0.5 times
the sampling interval, α is set to 0.16.
The position of each sampling point is not fixed but

changes randomly with the optimization, thus preventing the
final optimization result from meeting the sidelobe require-
ment only at the fixed sampling point. The problem of
excessive deviation between the optimization result and the
final fine calculation result has been effectively solved.
In order to distinguish between unequal-density random

sampling and global high-density sampling, a numerical
experiment is performed. We use these two methods to
calculate an existing 20-layer circular array, and the cal-
culation results are shown in Table 1. The unequal-density
sampling method proposed in this paper achieves an accu-
racy rate of 97.8% in only 22.3% of the calculation time
of high-density sampling, which significantly shortens the
calculation time while ensuring high calculation accuracy.
In addition, as shown in Fig. 6(C), due to the significant
reduction in the number of sampling points (only less than
25% of the original), the consumption of computer memory
is also greatly reduced. This method makes the optimization
of large circular arrays possible for individual designers.

E. DISTRIBUTED COMPUTING FOR RADIATION
PATTERNS
For the final arrangement of array elements, we need to ver-
ify whether the design specifications are met. The common
method is to sample at high density in all directions and
calculate the value of each sampling point. As the sampling
density in the θ and ϕ directions increases, the number of
sampling points also increases quadratically, and personal
computers usually cannot store such a large amount of data.
Because the amount of data to be calculated is so large,
even for a server host with sufficient computer memory, the
calculation time is also unbearable.
In order to solve the above problems, we introduce a dis-

tributed computing method for radiation patterns. As shown
in Fig. 7, the radiation pattern is divided into multiple ϕ cut-
planes at a fixed angular interval �ϕ, and each ϕ cut-plane
is assigned to different computers for distributed comput-
ing. Each computer only calculates several ϕ cut-planes and

FIGURE 7. Schematic diagram of distributed computing for radiation patterns.

saves the calculation results in external files. After the cal-
culation of all ϕ cut-planes is completed, we aggregate all
calculated external files to synthesize the final 3D radiation
pattern. The distributed computing operation of the radia-
tion pattern not only reduces the memory consumption of
a single computer but also greatly shortens the computing
time.
For the calculation examples given in Section III-A, we

use distributed computing for radiation patterns to illus-
trate the advantages of this method. Since the sampling
interval is 0.05

◦
, a total of 7200 ϕ cut-planes need to be

calculated. Then we assign several ϕ cut-plane to a dif-
ferent computer; thus, the computational complexity of a
single computer is reduced. During the calculation process,
the amount of data that each computer needs to store and
calculate has dropped greatly, which reducing the memory
consumption of a single computer. Furthermore, since the
computation is distributed across multiple computers, each
computer only needs to compute small portion of the original
data. Therefore, thanks to the parallel calculation method,
the calculation time consumption is significantly reduced.

IV. NUMERICAL EXPERIMENTS
The experiment was performed in computers with Intel
13700K processor and MATLAB R2022. In order to ver-
ify the effectiveness of the proposed method, we use this
method to design a large circular phased array to meet the
target requirements. The design goal is to realize the arrange-
ment of array elements operating at a band of 0.9f∼1.1f, with
f the center frequency. The gain is greater than 40 dBi within
the beam scanning range of θ∗ ∈ [0, 30

◦
], ϕ∗ ∈ [0, 360

◦
],

and the maximum sidelobe of the radiation pattern is less
than –20 dB and be reduced as much as possible.
In order to meet the sidelobe requirements without reduc-

ing the power radiation of the elements, we need to
optimize the distance between the elements. The variables
to be optimized are the radius of each circular and the
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FIGURE 8. Optimizing process for array element locations.

number of elements. The radius range of each circular is
�r ∈ [3.5λ, 42λ], where λ is the wavelength calculated
based on the center operating frequency f. As the number of
layers of the circular ring n increases, the element number
of each circular ring is M ∈ [6n, 72n].
To meet the gain specification, the array needs to contain

a sufficient number of elements. The number of elements in
each ring can be roughly estimated as 39n, so the overall
gain can also be estimated as

Gain = 10 · lg

(
N∑

n=1

39n

)
+ Gainsingle (8)

where N is the total number of layers of the circular array
and Gain is the total gain of the array, Gainsingle is the gain
of each element. In the numerical experiment, the element is
assumed to be an ideal point source. When setting N=20, the
estimated Gain is above 40 dBi and meets the gain require-
ment. Therefore, N is initially set to 20 in this numerical
experiment.
The optimization convergence process is shown in Fig. 8.

After 20 iterations of optimization, the fitness value is below
−22. The obtained array structure is expected to meet the
sidelobe requirement. The final array arrangement is shown
in Fig. 9. Each blue circle in Fig. 9 represents an antenna
element. The radius and the element number of each layer
obtained by optimization are shown in Table 2. Finally,
we calculate the optimized element arrangement to verify
whether it meets the design target. Due to the near symme-
try of the circular array, we only give the radiation pattern
and gain performance of the four beam scanning directions
(θ∗=0

◦
, ϕ∗=0

◦
), (θ∗=10

◦
, ϕ∗=30

◦
), (θ∗=20

◦
, ϕ∗=45

◦
) and

(θ∗=30
◦
, ϕ∗=90

◦
) after rotating the array structure. The

performance results are shown in Fig. 10, f is the center
frequency desired by the designer. In order to verify the
broadband performance of the final array element arrange-
ment, we also verified the performance in the frequencies
0.9f and 1.1f. The results are shown in Fig. 11 and Fig. 12.

FIGURE 9. The resulting arrangement of the optimized array elements (λ is the
wavelength in the center frequency f ).

TABLE 2. Each layer’s radius and element number obtained by optimization.

TABLE 3. Maximum sidelobe and gain of the final array arrangement corresponding
to different main beam scanning angles in 0.9f, 1f and 1.1f frequencies.

Sidelobe and gain of the final array arrangement correspond-
ing to different main beam scanning angles in 0.9f, f and 1.1f
frequencies can be seen in Table 3. In the results given in
Table 3, all gains are larger than 40 dBi, and all maximum
sidelobes are below −20 dB. The obtained array arrange-
ment achieves the required performance at the given four
main beam angles in f, 0.9f, and 1.1f frequencies. Therefore,
we conclude that the obtained array element arrangement
can meet the performance requirements in the beam scan-
ning range in a wide frequency band covering 0.9f ∼1.1f
frequency. If the main beam scans from the Z-axis, the
existing method cannot quickly obtain the array arrangement
that meets the maximum sidelobe requirement. The method
proposed in this paper can obtain a satisfactory solution in
a relatively short time, which proves its effectiveness.
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FIGURE 10. Calculation results obtained by fine verification in f frequency.

FIGURE 11. Calculation results obtained by fine verification in 0.9f frequency.

V. CONCLUSION
The accurate and fast finding of phased array sidelobes is a
difficult task. In addition, a computer with a large memory

FIGURE 12. Calculation results obtained by fine verification in 1.1f frequency.

is required to achieve the final fine verification of the array
elements arrangement, and the calculation time is unbear-
able. To solve these problems, this paper presents a method
to optimize the position of the elements in the large circular
phased array, which realizes the low maximum sidelobe of
the radiation pattern in a short optimization time. In this
method, the main beam is rotated to the Z-axis by rotat-
ing the array structure. The calculation speed is improved
under the premise of ensuring the calculation accuracy
through unequal-density random sampling. The final element
arrangement is calculated carefully to determine whether
it meets the design goals, and the operation of distributed
computing for radiation patterns can assign several ϕ cut-
planes of the radiation pattern to different computers. After
all the ϕ cut-planes are calculated, the calculation results
are summarized on a core-computer and synthesized into a
3D radiation pattern, which solves the problem of excessive
computer memory requirements and unbearable time con-
sumption. Through numerical experiments, the effectiveness
of this method has been verified, and it is confirmed that
this method is an effective solution for the optimal design
of the element position in a large circular phased array.

VI. FUTURE WORK
As a common array optimization technique, convex
optimization has significant advantages over DE in
optimization efficiency. The ability to convert non-convex
problems into convex problems is a prerequisite for its
effectiveness. At present, in the field of circular array
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optimization, convex optimization is mainly used to optimize
the amplitude and phase of the element. For the element posi-
tion optimization problem of a circular array that cannot be
transformed into a convex problem, the designer still uses a
global optimization algorithm to solve it. Inspired by [35], in
the future work, we will consider the combination of convex
optimization and DE to study a hybrid optimization algo-
rithm that can simultaneously optimize the element position
as well as the feeding amplitude and phase to achieve better
and more flexible array performance.

APPENDIX A
The purpose of this section is to supplement the details of
the circular array element position generation process. The
optimization variables given in this paper are the radius and
the total element number of each circular ring. Assume that
the total number of elements on the i-th layer ring is Mi,
and the radius is Ri. Then the polar coordinates of the j-th
element on the i-th ring can be described as

{

ij = 2π

Mi−1 j
Pij = Ri

(9)

Then convert the polar coordinates to get the Cartesian
coordinates of each unit

{
xij = Pij · cos 
ij

yij = Pij · sin 
ij
(10)

Finally, the radiation pattern of the array can be obtained
by calculating Equation (2).

APPENDIX B
All elements are excited uniformly, thus they have the same
feeding amplitude. Each element can reach its maximum
power with no power lost. The purpose of this section is
to supplement how to determine the feeding phase of each
element. Assuming that the required array main beam direc-
tion is in (θ , ϕ). Firstly, we need to calculate the projection
coordinates (u0, v0) of the main beam on the xoy plane.

{
u0 = sin θ cos ϕ

v0 = sin θ sin ϕ
(11)

In order to use the feeding phase difference to offset the
wave path difference so that the radiation of each element
in (θ , ϕ) direction can be superimposed, the feeding phase
of each element is determined by the following equation

phaij = −k(u0 · xij + v0 · yij
)

(12)

where k is the wave number at frequency f, which can
obtained by following equation

k = 2π

λ
= 2π f

c
(13)

here c is the propagation speed of light, f is the frequency that
the array is expected to operation, and λ is the wavelength
corresponding to the operating frequency.
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