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ABSTRACT Peak sidelobe level reduction (PSLR) is crucial in the application of large-scale array antenna,
which directly determines the radiation performance of array antenna. We study the PSLR of subarray level
aperiodic arrays and propose three array structures: dislocated subarrays with uniform elements (DSUE),
uniform subarrays with random elements (USRE), dislocated subarrays with random elements (DSRE).
To optimize the dislocation position of subarrays and random position of elements, the improved Bat
algorithm (IBA) is applied. To draw the comparison of PSLR effect among these three array structures,
we take three size of array antennas from small to large as examples to simulate and calculate the redundancy
and peak sidelobe level (PSLL) of them. The results show that DSRE is the optimal array structure by
analyzing the dislocation distance of subarray, scanning angle and applicable frequency. The proposed design
method is a universal and scalable method, which is of great application value to the design of large-scale
aperiodic array antenna.

INDEX TERMS Subarray level aperiodic array, peak sidelobe level reduction, bat algorithm, redundancy.

I. INTRODUCTION
In the design of array antenna, the reduction of PSLL is
very important because it will directly affect the power
characteristics and anti-interference performance of the
system [1]. The PSLL, usually referring to the normalized
maximum sidelobe level value, is the secondary lobe level
in the radiation pattern. When the PSLL of array antenna is
too high, it will affect the main lobe and cause interference
and loss to the energy of the whole array antenna. At the
same time, its echo will also interfere with the radar system.
Therefore, in order to improve the overall performance of
array antenna, it is necessary to reduce PSLL.

There are several ways to reduce PSLL in aperiodic
array antennas. Elements optimization is the most basic
method, which is realized by optimizing each array element
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in a completely random way or following some certain
pattern. Smolders [2] has shown a concept of random
sequential rotation to provide well-controlled sidelobes in
a regular periodic array grid, which has similar ability as
randomly-spaced array antennas. Lucas [3] has reported a
Fermat’s spiral based array antenna to suppress secondary
radiation lobes, which has similar sidelobe level and
bandwidth as those obtained by computationally expensive
non-linear optimization methods. The aperiodic weighted
array antennas proposed in literature [4] have excellent
bandwidth characteristics which can effectively minimize the
PSLL. Haupt [5] has used genetic algorithms by encoding
parameters containing location information as binary strings,
and the array distribution with the lowest maximum relative
sidelobe level is obtained after finite iteration optimization.
Due to the outstanding characteristics of aperiodic array
antenna, such as wide bandwidth, high resolution and
wide scanning angle, it has been widely used in satellite
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communication, remote sensing [6], [7], [8] and medical
imaging [9], [10].

Aperiodic array antennas with optimized elements can
greatly reduce PSLL, but for large and medium-sized array,
the array structure with high degree of freedom makes
it difficult to realize wave control and power feeding.
An improved idea is to design subarray level aperiodic
array antennas [11], [12], [13], [14], which is a compromise
between random array and periodic array. For large scale
antennas, a group of antennas can be regarded as an
element, namely a subarray, and these subarrays can be
placed randomly to greatly reduce the difficulty of analysis.
Due to the identity of subarray structures, subarray level
aperiodic array [11] can reduce the complexity of design and
manufacture, and its PSLR ability is comparable to that of
random array.

Both literatures [11], [12] designed the aperiodic arrays
with the combination of aperiodic subarray (dislocation)
and uniform array elements. The subarray was integrated
with multi-channel transceiver module with periodic active
channel arrangement, which can greatly simplify the man-
ufacturing technology and effectively reduce the highest
sidelobe level. Literatures [13], [14] designed the aperiodic
arrays, which is combined of aperiodic subarray (rotating)
and non-uniform array elements. Kiersten [13] have studied
an aperiodic array composed of aperiodic subarrays (rotat-
ing) and non-uniform elements, in which the bandwidth
capability and the sidelobe level (SLL) of various arrays
were characterized by probability, and their capability of
low-cost applications was analyzed. The research shows that
the array with rotating random subarrays had good antenna
characteristics and the feasibility of low-cost manufacturing.
Junming [14] have done some further studies on the array
antenna with rotating random subarrays, such as, the number
of array elements, the density of array elements and the PSLL,
and have done some comparisons with those of pure random
array and periodic array antenna, such as, the bandwidth,
directivity and design calculation complexity, which further
highlights the advantages of subarray-level aperiodic array in
design and manufacture.

In this paper, we consider a scalable arrangement method
for large and medium-sized subarray level aperiodic array
antennas, and propose three aperiodic array structures:
DSUE, USRE, and DSRE. The array structure is optimized
by IBA to reduce PSLL. The characteristics of different arrays
are analyzed by redundancy theory. The influences of the
number of elements and subarrays, the dislocation distance of
subarrays, scanning characteristics and applicable frequency
width on PSLL are analyzed. The simulation results show that
DSRE not only has the best PSLR effect, but also has lower
computational complexity.

The structure of this paper is arranged as follows. Section II
describes the structure of subarray level aperiodic array
antennas. Section III introduces array synthesis, application
details of the IBA and redundancy theory. Section IV analyzes
the PSLR effect of the array in terms of the number
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FIGURE 1. Analysis model diagram of three aperiodic array structures
with relevant Cartesian (x, y, z) and spherical (r, 6, ¢) coordinate
systems. mn: the subarrays in the m-th row and n-th column; d: element
spacing; L": The size of subarray; L: the size of grid; As: the longitudinal or
transverse dislocation distance of a subarray; Asxm and Asyn: represent
the dislocation distance of subarrays in x and y directions respectively.

of elements and subarrays, subarray dislocation distance,
scanning characteristics and applicable frequency range.
Section V contains the conclusion and discussion.

Il. SUBARRAY LEVEL APERIODIC ARRAY DESIGN

We propose three kinds of aperiodic rectangular grid array
antennas, each of which is composed of the same subarrays.
Fig. 1 is the analysis model diagram of three array structures
when the number of elements in the subarray is MxM (4 x4
in the figure) and the number of subarrays is NxN (7x7 in
the figure). The whole array is composed of the same kind of
subarrays. Three kinds of array antennas are formed, namely,
DSUE, USRE and DSRE. The size of the subarray is L’. The
subarray is placed in a square grid with side length L because
of the need to vacate the dislocation distance of subarray. The
whole array consists of squares grids of the same size which
are uniformly and closely arranged, and the distance between
the side of subarray and the same side of square grid is Ag/2.
Ay is the longitudinal or transverse dislocation distance of
a subarray. There is no strict standard for its value, which
needs to be determined according to the designed array. For
the array with the average element spacing greater than one
wavelength in this paper, generally takes slightly less than one
wavelength as the optimal value. The influence of dislocation
position is briefly analyzed in the IV section.

Taking 28 x28 array elements as an example, Fig. 2(a) is
the periodic array structure diagram with uniformly arranged
array elements, and Fig. 2 (b), (c) and (d) are the array
structure diagrams of DSUE, USRE and DSRE respectively.
Among them, the structure of DSUE array has been discussed
in literature [11]. The existing literature data show that USRE
and DSRE arrays are rarely studied.

When the number of elements in the array is fixed, the
number of subarrays is inversely proportional to the number
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FIGURE 2. Structure diagrams of full arrays with 28 x28 elements. The
average array element spacing is slightly greater than one wavelength.
(a) subarrays and array elements are uniform (b) DSUE (c) USRE (d) DSRE.

of elements in the subarray. For the array with 28x28
elements, it can be divided into 7x 7, 4 x4 and 2 x 2 subarrays,
and the corresponding number of elements in the subarray
is 4x4, 7x7 and 14 x 14 respectively. The primary purpose
of this paper is to compare the PSLR characteristics of
these three arrays. It is very important to ensure the same
resolution (related to array aperture) of arrays with different
structures. At the same time, when changing the size of
subarrays, the difference between array element spacing
and subarray dislocation distance should not be too large.
Therefore, we make them change proportionally, as shown in
the following formula, and the array apertures are the same

Agix7  Asixa  Apx

dixs  d1x7 diaxia (nH
La,7><7 = La,4><4 = La,2x2

k=

where k is the proportional constant, Ag is the subarray dis-
location distance, L, is the array aperture, the corresponding
subscript is the number of subarrays, d is the element spacing,
and its subscript is the number of elements in the subarray. For
the random distribution of subarrays, the subarray length L’
of different arrays is also calculated by the uniform spacing
of array elements.

Ill. ANALYSIS METHOD

A. ARRAY SYNTHESIS USING SUBARRAYS

The total radiation pattern function of the planar array can be
expressed as [15]

F(0,9) =f (0, 0) AF 4rray (0, @) 2
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where f,(0, ¢) is the elemental pattern and AFgqy(0, @)
is the array factor of the planar array. Because the element
radiation pattern changes slowly with the angle, and the PSLL
reduction level of the array radiation pattern is close to that of
the array factor, only the array factor is analyzed in this paper.
According to the analysis model of array structure in Fig. 1,
the array factor can be expanded as follows

AFarray (9’ (p) — Z ZImn’m/n/e/‘k[(“‘xm"t‘exm/)ux+(syn+€yn/)uy]

mn m'n’
(3
where,
Sxm = Xm + Agon
Syn = Yn + Asyn
Cxm = m/xo + Ax,m/n’
Cyn = n/yo + Ay,m’n’
U, = sinfcose — sinb,cose,
uy = sindsing — sind,sing,
u = sinfcosp, v = sinfcosp @)

where mn and m’ n’ represent the mn-th array element in
the m’ n' -th grid. To simplify the analysis, Iy, v is the
unit excitation amplitude, and its value is 1. Agyy, and Ay,
represent the dislocation distance of the subarray in the x and
y directions respectively. (x;,, y,) is the grid center coordinate.
(Sxm» syn) represents the position of the subarray in the x and y
directions, and (x,, y,) is the position of the uniform subarray
element. (Ay s Ay prw) is the offset distance from (x,
Yo)- (exn» eyy) represents the position of the array element
in the x’ and y' directions in the subarray. (6,, ¢,) is the
maximum direction of the radiation pattern.

If all subarrays in the entire array have the same structure,
equation (3) can be derived as the product of two factors,
as shown in equation (5)

AFarray o, <ﬂ) = Ze]'k[sxmux+synuy] X Zejk[exm/ux—&-eyn/uy]
m,n m'n

= AFps (0, ¢) XAF; (0, ¢) (&)

where AF5(6, @), AF(6, @) are the subarray position factor
and subarray factor.
Then the PSLL can be calculated by

AFsl,max(us V))

PSLL (dB) = 201log, ( (6)

AF main

where AF max(%,v) is the maximum sidelobe value of the
radiation pattern. AFj,, is the peak value of the main
lobe.

IV. IMPROVED BAT ALGORITHM

With the improvement of computing capability, many heuris-
tic intelligent optimization algorithms have been used to
optimize complex, nonlinear, and irregular array factors, such
as genetic algorithm [16], particle swarm optimization [17],
firefly algorithm [18], differential evolution algorithm [19],
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TABLE 1. Parameter setting of improved bat algorithm.

Parameter Value
Maximum number of iterations 50
Population size 300
Pulse rate factor 1 0.9
frequency f 0-1
Initial Loudness 4 1-2
Attenuation factor a 0.9
Flight speed v 0-0.5
Inertia weight @ 0.5-0.9
Doppler effect compensation rate C 0.1-0.9

and super multivariate optimization algorithm applied to
large array optimization [20]. Bat algorithm [21], [22] is
a heuristic search algorithm based on swarm intelligence,
which is more suitable for solving multi-dimensional and
multi-constraint optimization problems. Its good charac-
teristics have been affirmed in the non-uniform linear
array [23].

In order to analyze the array structure, we upgrade the IBA,
which is proposed in our previous work [21]. This IBA is used
to reduce the PSLL by optimizing the position of multiple
constrained antenna array. More complicated constraints such
as array spacing and array aperture will be considered in the
optimization of the algorithm.

The steps and parameters of IBA are as follows:

Step1: Initialize the population and parameters. The initial
population can be increased to improve the accuracy of
the initial solution. On the premise that the initial position
solution is reliable, the flight speed v; of the bat should be
appropriately reduced at this position. It prevents flying too
fast from leaving the optimal solution range. Table 1 shows
the specific parameter settings.

When the initial population is generated, it is necessary
to judge the array element spacing of the initial population
and modify the position of the array elements that do not
meet the constraint conditions. The standard for judging the
array element spacing is the minimum array element spacing
dmin > A/2, and the settings of multiple constraint conditions

are as follows

s.t dmin = ds,m/n’ - ds,m”n”fdmax
_As/z SAs,mnSAs/z (7)

1/2
Xa,mn = Lg, Ya,mn = Lg, da,mn =< 2La/

where Ag ., is the dislocation distance of subarray. x4,
Ya.mn indicate the constraint size of the total array in the x
and y directions, L, = N(Md + Ay) is the array aperture, and
da,mn 1s the spacing of elements in the array.

Under the condition of satisfying the array aperture and the
array element spacing, the constraint spacing of elements in
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the subarray can be expressed as

1
d d _ 2 212
s.m'n’ —Asm''n = (xs,m’n’ _xs,m”n”) +(ys,m’n’ _ys,m”n”)

A
E, dmax = 2L¢11/2

dmin =
3)

where X jun, Ys.mn represent the position of elements in the
subarray in the x and y directions, and d; ,,, denotes the
spacing of any two elements in the subarray.

When all array elements meet the constraint conditions,
the initial population is generated and the initial solution is
obtained.

Step2: Set the fitness function, substitute the initial
population into the fitness function, and start iteration to
generate a preliminary global optimal position solution. The
fitness function is expressed as follows

AFg (u,v)

f (A) = min{fimess (A)} = max [ AF yain

} ©)
where AF(u, v) is the sidelobe area of radiation pattern,
and the objective function will locate the PSLL in the whole
airspace.

If a bat finds the best foraging position g, it will attract
other bats to fly in search of food. Each bat is associated with a
velocity vi and a position x! at iteration . To update velocities
and positions of all bats, Equations (10)—(13) are used.

Ji = fmin + (fmax — fmin) X rand(0, 1) (10)
+ =1 e

o= e 1o x ST (11)
c+vg g*—xit_l‘—i-s

V= wxvih 4 (xffl —g*) x f'; (12)
-1

X =x +v] (13)

where fmin and fnax are the minimum and the maximum
frequency. Their values are 0 and 1, respectively, depending
on the specific environment. ¢ = 340 m/s is the speed of
sound in the air. C; denotes the doppler effect compensation
rate. o is the inertia weight.

Literature [21] has shown that the adaptive local search
strategy with increased Doppler effect and Doppler effect
compensation rate has a good effect of increasing population
diversity. This paper also introduces it to improve the
performance of the algorithm.

Step3: For the local search part, once a solution is selected
among the current optimal solutions, a new solution is
generated using a random walk

Xnew = Xolda + N [0, 1] x A (14)

where A’ is the average loudness of all bats. The new solution
should also meet the constraint conditions.

Step4.: The fitness function is used to evaluate the local new
solution. When the new solution is better than the current
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optimal solution, the loudness and pulse emission rate are
updated by the following equations

AT = Al (15)
rt = PO —exp(—y 1)) (16)

where o and y are attenuation factor and pulse rate factor.
The initial loudness A; can be [1] and [2], while the initial
emission rate ri0 can be [0,1].

Step5: Update the current global optimal solution. If the
loop reaches the maximum number of iterations, the optimal
solution and the optimal fitness function value are output.
If not, it returns to step2 to continue the iteration.

A. REDUNDANCY THEORY

The minimum redundant array (MRA) is widely used in
microwave radiometer [24], [25], radio astronomy [26],
adaptive beamforming [27] and MIMO radar [28]. Any
antenna pair in the array will form a baseline vector, and
redundancy means that the baseline vectors are the same. The
process of searching for MRA is to find the array structure
with minimum redundancy.

Theoretically, a planar array with N elements can have
up to N(N-1) non-redundant baselines. However, the actual
number of non-redundant baselines is usually less than this
value because the planar array elements are difficult to be
completely random. Generally, the redundancy of an array
is measured by R, which is defined as the ratio of the ideal
number of non-redundant baselines S;; =N(N-1) to the actual
number of non-redundant baselines S,,.

The randomness of array element arrangement in aperiodic
array is closely related to the PLSR effect. The redundancy
can represent the uniformity of the array, and we can infer
that the redundancy of the array can reflect its PSLR effect
to some extent. It is not a mature theory to reduce PSLL
by optimizing array redundancy, but the close mapping
relationship between redundancy and aperiodic arrays with
different uniformity can be seen through simulation in this

paper.

V. SIMULATION RESULTS AND ANALYSIS

A. THREE KINDS OF ARRAYS PSLR CHARACTERISTIC

In order to simplify the analysis, we take arrays with 12x12,
18x18 and 28x28 elements as examples. Three kinds of
subarrays can be found for each case. For example, an array
with 28 x 28 elements can be divided into 2x2, 4x4 and 7x7
subarrays. The following analysis methods and conclusions
can generally be extended to other similar arrays with
different numbers of array elements.

For all arrays in this paper, the positions of array elements
are optimized by IBA at the frequency of 10 GHz. The
average spacing of array elements is d,,. > A. Fig. 3(a) is
the comparison diagram of PSLR effect of three arrays which
have 6x6 (array elements 12x12), 6x6 (array elements
18x18) and 7x7 (array elements 28x28) subarrays. The
dislocation distance between these subarrays is Ay = 0.87A.
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FIGURE 3. The PSLR effect of three arrays with different number of
elements when the number of subarrays is (a) large; (b) moderate;

(c) small. The s represents the number of subarrays. The e represents the
number of elements in the array.

When the number of subarrays is large, the PSLR effect
of DSUE arrays is better than that of USRE arrays. This
is because the dislocations of DSUE arrays have more
non-uniformity than the randomness of USRE arrays when
the number of elements in subarrays is relatively small. DSRE
arrays can greatly break the periodicity of arrays, and their
PSLR effect is superior to other arrays.

Fig. 3(b) and Fig. 3(c) illustrate the PSLR effect of three
arrays when the numbers of subarrays are moderate and
small, respectively. In order to ensure the same array aperture
for the same number of array elements, the relationship
between dislocation distance and element spacing should
satisfy equation (1). In the case of 28x28 elements, the
dislocation distances are Ag 4x4 =0.931 and A5 252 =0.992,
respectively. When the numbers of subarrays are less than
the numbers of elements in the corresponding subarrays, the
PSLR effect of USRE arrays is better than that of DSUE
arrays, and that of DSRE arrays is still the best.

Fig. 4 shows the two-dimensional radiation patterns of
the array structures corresponding to Fig. 2 sequentially.
As shown in Fig. 4(a), the GL has the same amplitude as the
main lobe. The peak sidelobe levels (PSLLs) and positions are
also indicated in the radiation patterns. It can be clearly seen
that due to the non-uniform arrangement of array elements,
the peak sidelobe positions are distributed in the visible range
of the entire airspace.

The corresponding relationship between PSLL and redun-
dancy of arrays with different number of array elements
is shown in Tables 2, 3 and 4. As can be seen from
these tables, the three kinds of aperiodic arrays with
different subarray divisions have different non-uniformity.
The array structure with high degree of non-uniformity
has less redundancy. Redundancy can effectively reflect the
non-uniformity of arrays, which is helpful for researchers to
grasp the randomness of arrays in the design process.

In literature [14], the array with rotating subarrays
composed of 144 elements is optimized by traditional genetic
algorithm (GA) at the frequency of 10 GHz. To highlight
the proficiency of IBA, particle swarm optimization (PSO)
is also selected to optimize DSREsy4 array with 12x12
elements. The initial population number is set to 200. When
the average relative change in fitness function values over
10 generations is less than 1x 10™4, the optimization process
is terminated. The optimization results of IBA are obtained
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TABLE 2. Correspondence between PSLL and redundancy of arrays with 12x 12 elements.

Number of array elements 12x12
Number of subarrays 2x2 3%3 4x4
Array structure DSRE USRE DSUE DSRE USRE DSUE DSRE USRE DSUE
PSLL (dB) -12.29 -10.76 -5.20 -12.23 -10.61 -7.47 -11.62 -8.72 -9.04
Number of non-redundant baselines 18616 15114 4758 18326 10008 5252 18044 5682 6998
Redundancy (R) 1.11 1.36 433 1.12 2.06 3.92 1.14 3.62 2.94
TABLE 3. Correspondence between PSLL and redundancy of arrays with 18x 18 elements.
Number of array elements 18x18
Number of subarrays 2x2 3x3 6%6
Array structure DSRE USRE DSUE DSRE USRE DSUE DSRE USRE DSUE
PSLL (dB) -14.35 -13.03 -5.47 -13.83 -12.36 -1.35 -13.13 -9.44 -11.30
Number of non-redundant baselines 96938 79844 12854 96848 52518 13748 95222 24678 40624
Redundancy (R) 1.08 1.31 8.14 1.08 1.99 7.61 1.10 4.24 2.58
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FIGURE 4. Two-dimensional radiation patterns corresponding to the array
structure diagrams of Fig. 2. (a) subarrays and array elements are uniform
(b) DSUE (c) USRE (d) DSRE.
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u

when v =0.4, w = 0.75. The PSO optimization results are
calculated when the inertia constant w = 0.7, the acceleration
constant c; = ¢ = 1.5 and the maximum particle velocity
Vmax=0.12. As shown in Fig. 5(a), the convergence curves of
these two algorithms are compared with those of GA applied
to tiled array in literature [14]. It can be seen that IBA is
superior to the other two algorithms in terms of convergence
speed and accuracy. In this paper, IBA is calculated by Intel
core 17 8700 processor. Compared with literature [14], the
calculation time of IBA over element number is shorter,
as shown in Fig. 5(b), which is closely related to the number
of iterations and convergence characteristics of the algorithm.

As shown in Table 2, the PSLL of DSRE arrays with 12x 12
elements worsen as the number of subarrays increases. The
array length in literature [14] is 8A, and the average array
spacing is less than 1A. The results show that the PSLL is
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than 1A, the worst PSLL is —11.62 dB, which is the result of
PSLR with the largest number of subarrays (4 x4). When the
number of subarrays is 2x2, the PSLL can be suppressed to
—12.29 dB. This is obviously superior to the subarray rotation
structure proposed in literature [14].

As the number of array elements increases, the optimiza-
tion time does not increase linearly, which depends on the
accuracy of the initial population location of the algorithm.
Once the population is located near the optimal position,
the fitness function will converge rapidly, thus shortening
the optimization time. According to the subarray division
scheme, the optimization of array elements arrangement
in each subarray only needs to be calculated once, and
the dislocation optimization of all subarrays needs to be
considered. Thus, the number of design variables is less than
that of completely random arrays. Therefore, no matter the
optimization time or the number of design variables, the
DSRE array has low computational complexity.

In summary, the PSLR effect of DSUE and USRE arrays
varies with the number of subarrays. No matter for which
array structure, DSRE array is the best choice in the array
design with higher requirements for PLSR, even for a small
number of random elements in the subarray. Compared with
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FIGURE 6. Influence of subarray dislocation distance on PSLLs.

other aperiodic arrays, such as subarray rotating random
array, DSRE array also has good performance.

B. INFLUENCE OF SUBARRAY DISLOCATION DISTAN-CE
ON PSLR

It is very important to select the optimal dislocation distance
of subarrays to improve the performance of array antennas in
the subarray level aperiodic array. This section will mainly
study the influence of dislocation distance on the PLSR
effect. The array with 28x28 elements is still considered.
From the perspective of engineering application, there are
too many randomly arranged elements in the 2 x 2 subarrays,
and the design of a single subarray is relatively complex and
has low application value. So, it will not be analyzed here.
This section discusses the PSLR effect of three kind of array
structures under different dislocation distances with 7x7 and
4 x4 subarrays.

In Fig. 6, the subarray dislocation distance is
0.6A<A;<1.4A. The array aperture is the same under
the same subarray dislocation distance. The average array
element spacing is no longer proportional to the subarray
dislocation distance, but is determined by the array aperture.

According to the overall trend in Fig. 6, the PSLR effect is
DSRE4X4 >DSRE7 x7 >USRE4 x4 >DSUE7 x7 >USRE7 x7
>DSUE,x4. For the proposed structures, the PSLR effect is
the best when the subarray dislocation distance is slightly less
than a wavelength or the average array element spacing.

The PSLLs of DSRE4 x4, DSRE747 and USRE4 4 arrays
show a stable trend with the increase of Ag. As shown in
Table 4, the redundancy of these three arrays increases gradu-
ally. From the analysis of array structures, the non-uniformity
of DSRE4,4 and DSRE7,7 arrays are affected by subarray
dislocation and the non-uniform arrangement of array
elements, with the latter being the dominant factor affecting
the non-uniformity of array. Therefore, the more the array
elements are arranged non-uniformly, the stronger the PSLR
ability becomes. For USRE4 4 and DSUE77, the former has
7x7T non-uniformly arranged array elements, while the latter
has 7x7 dislocated subarrays. The number of non-uniform
influencing factors is the same, but the PSLR ability of the
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FIGURE 7. 3D scanning patterns and plane maps of DSRE array with 7x7
subarrays (a) u = 15° (b) v = 15°.

former is better than that of the latter. The reason is that
the non-uniform arrangement of array elements plays a main
role in influencing the non-uniformity of array. The same
is true for USRE7,7 and DSUE4«4. When the number of
single non-uniform influencing factors is different, such as
USRE747 and DSUE7 7, the former has 4 x4 non-uniformly
arranged array elements, and the latter has 7x7 dislocated
subarrays. In this case, the larger number of dislocated
subarrays dominate the non-uniformity of the array, so the
PSLR effect of the latter is better than that of the former.

The PSLR effect of all array structures in Fig. 6 basically
weaken with the increase of Ag, especially USRE;47 and
DSUE;«7. For arrays with a single non-uniform factor, it will
inevitably lead to the increase of the subarrays spacing and
the elements spacing with the increase of A;. The increase
of either of them will worsen the PSLL of the array pattern.
We can see that DSUE4,4 has a different change rule. The
reason is that the number of dislocated subarrays is quite
small, which is the only factor affecting the non-uniformity
of the array. This results in its unspecific variation rule
with Ag.

C. SCAN OF ARRAY

The scanning characteristic is an important index to evaluate
the performance of array antenna. The phased array antenna
with wide-angle scanning capability is widely used in radar,
direction finding and remote sensing. This section will further
verify the wide scanning characteristic of the array structures
proposed in this paper.

For the array antenna with 28x28 elements, Fig. 7 is
the full-space three-dimensional scanning patterns and plane
maps of DSRE array with 7x7 subarrays when scanning
angles are 15° in the u axis and 15° in the v axis. For a
small scanning angle of 15°, the PSLL of the array radiation
pattern is below —13.5 dB, and the SLL does not increase
obviously. Fig. 8 shows the full-space three-dimensional
scanning patterns and plane maps of DSUE array and USRE
array with 7x7 subarrays when scanning angles are 15° in
the u axis and 15° in the v axis. The u-axis and the v-axis can
refer to the labels in Fig. 7. Table 5 lists the corresponding
PSLL values in Fig. 7 and 8. Compared with the radiation
pattern of DSRE array, it can be found that the scanning
characteristics of DSUE array and USRE array are poor
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TABLE 4. Correspondence between PSLL and redundancy of arrays with 28 x28 elements.

Number of array elements 28x28
Number of subarrays 2x2 4x4 7x7
Array structure DSRE USRE DSUE DSRE USRE DSUE DSRE USRE DSUE
PSLL (dB) -15.27 -13.26 -6.04 -14.43 -12.89 -9.47 -13.53 -10.55 -12.76
Number of non-redundant baselines 607620 460218 42574 584884 250328 83726 576616 118748 212452
Redundancy (R) 1.01 1.33 14.42 1.05 2.45 7.33 1.06 5.17 2.89
| I
' |
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FIGURE 8. 3D scanning patterns and plane maps of DSUE array and USRE

array with 7x7 subarrays (a) DSUE, u = 15° (b) DSUE, v = 15° (c) USRE,
u = 15° (d) USRE, v = 15°.

TABLE 5. PSLL of three arrays for different scanning angles.

Array structure DSRE DSUE USRE
Scanning o o o o o o
angles in u axis 15 0 15 0 15 0
Scanning . . .
angles in v axis 0 15° 0° 15 0 15°
PSLL (dB) -13.51 | -13.50 | -12.75 | -12.74 | -8.88 -8.87

even at small scanning angles. With the increase of the
scanning angle, the scanning characteristics are even worse,
because the radiation energy is concentrated in some fixed
areas, resulting in the increase of PSLL. However, due to
the high non-uniformity of array elements, DSRE array can
effectively disperse the radiation energy, and thus reduce the
PSLL.

For a larger scanning range, DSRE array can also maintain
good radiation characteristics. Fig. 9 shows the scanning
patterns and plane maps at 30° and 60° in u axis and v axis
respectively. And their PSLL values are shown in Table 6.
It can be seen from the figure that at larger scanning angles
of 30° and 60°, the PSLL and the average SLL do not increase
significantly with the increase of scanning angle.
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FIGURE 9. The 3D radiation patterns and plane maps of DSRE array with
7x7 subarrays scanned at 30° and 60° in the u and v axis. (a) u = 30°
(b) v=30° (c) u = 60° (d) v = 60°.

TABLE 6. PSLL of DSRE array for different scanning angles.

Array structure DSRE
Scanning R R O i
angles in u axis 30 0 60 0
Scanning
angles in v axis 0° 30° 0° 60°
PSLL (dB) -13.45 -13.43 -13.05 -13.04

TABLE 7. PSLL of 7x7 subarrays for different frequencies.

Frequency

(GHz) 6.12 8.11 1000 | 12.00 | 1429 | 1579 | 17.65
PSLL(dB)

7%7s DSUE =117 -12.94 | -12.76 | -12.72 -9.74 -9.71 -9.82
PSLL(dB)

IsUSRE | 524 | 1049 | -10.55 | -888 | -7.66 | -5.25 | -5.14
PSLL(dB)

7%7s DSRE -7.28 -13.51 | -13.53 | -13.49 | -10.12 | -10.14 | -10.13

D. FREQUENCY CHARACTERISTIC

Aperiodic array antennas have very stable modes over a wide
frequency range, making them very suitable for operation in
large bandwidths. This section will analyze the PSLR effect
of three array structures at different frequencies and provide
some design suggestions.
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TABLE 8. PSLL of 4x4 subarrays for different frequencies.

Frequency
(GHz) 6.12 8.11 10.00 12.00 | 14.29 15.79 17.65
PSLL(dB) 4 2.56 9.4 9 9 4
4xds DSUE -7.0. -12.5 -9.47 -9.51 -6.05 -5.97 -6.1
PSLL(dB)
AxdsUSRE | 718 | -12.90 | -12.89 | -9.74 -9.77 -9.81 -9.87
PSLL(dB)
4xi4s DSRE -7.21 -1432 | -14.43 | -1434 | -1442 | -14.54 | -14.39
-4 T v r T
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FIGURE 10. The PSLR effect of three structures with 28 x28 elements in
the frequency range (6GHz-20GHz). (a) 7 x7 subarrays (b) 4 x4 subarrays.

Fig. 10 shows the PSLR effect varying with frequency
for 28x28 elements with 7x7 and 4x4 subarrays respec-
tively. The array structures are optimized at the frequency
of 10 GHz. Table 7 and 8 show the PSLL values at different
frequencies in Fig. 10 (a) and (b). From the perspective of the
PSLR effect, the PSLL of the three arrays in Fig. 10 (a) are
stable at low frequency band, and mutate at high frequency
band. The lobe levels of DSUE array and DSRE array tend
to be stable at high frequency, while the lobe levels of USRE
array rise sharply with increasing frequency. This is because
the adaptive frequency width of the arrays is related to their
non-uniformity. The higher the non-uniformity of aperiodic
array is, the more stable its radiation pattern is over a wider
frequency range, and the PSLL mutation is reduced. The
PSLL of the three array structures in Fig. 10 (b) show similar
frequency characteristics as those in Fig. 10 (a). The PSLLs of
DSUE array with 4x4 subarrays and USRE array with 7x7
subarrays show a similar tendency as the frequency increases,
while the curves of USRE array with 4x4 subarrays and
DSUE array with 7x7 subarrays look similar. It is worth
mentioning that the PSLR ability of DSRE array with 4x4
subarrays remain stable with the increase of frequency. The
PSLL begins to increase at the frequency of 27 GHz which is
beyond the frequency range shown in the figure. So, it can
be seen that the adaptive frequency width of DSRE array
with 4 x4 subarrays is very wide. It also has been shown in
Fig. 6 that this array has the best PSLR effect. For the arrays
proposed in this paper, the higher the non-uniformity of the
array, the wider the adaptive frequency width.

VI. CONCLUSION

In this paper, three aperiodic arrangement methods of
subarray-level rectangular grid array antennas are proposed.
The IBA is used to optimize array structures through the
dislocation position of subarrays and random position of
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elements in the subarray. The PSLR effect of three kinds of
arrays with different number of elements and subarrays are
analyzed, and the non-uniformity of arrays are characterized
by their redundancy. The results show that the PSLR effect of
DSRE arrays is better than those of DSUE arrays and USRE
arrays. The array with 28 x 28 elements is taken as an example
to study the PSLL in terms of dislocation distance of subarray,
scanning angle and applicable frequency. The dislocation
distance of subarrays slightly less than one wavelength is
the best choice. The DSRE arrays can maintain good PSLR
ability at the large scanning angle of up to 60°, which also
have wider adaptive frequency width. The proposed design
method of DSRE array is a universal and scalable method.
For example, the array with 28 x28 elements can be treated
as a new subarray to further expand the scale of aperiodic
array antenna. By inducing the rotation degree of freedom,
such as subarray rotation or Fermat spiral, we can combine
rotation, dislocation and random elements approaches to
study the RSLR effect. This is of great value to the design
and application of large-scale aperiodic array antennas.
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