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ABSTRACT: Dividing large planar arrays into several subarrays and then turning off some of them reduces the complexity (cost) of the
system significantly. In this paper, two optimization stages for the formation of planar subarrays and the removal of some of them
are proposed. The first optimization stage improves the pattern of the original planar array after dividing it into a set of rotational
square and rectangular subarrays. In the second optimization stage, it works to remove some of the subarrays completely or partially,
depending on new fractal structures derived from the conventional Sierpinski carpet structure. The proposed fractal-thinned planar array
is based on amplitude-only excitation, i.e., the phases of the elements are set to zero. To execute the optimization steps above, a genetic
algorithm (GA) is used. Some determinants are included in the optimization process to maintain the properties of the desired pattern.
Simulation results showed the effectiveness of the proposed optimization method in achieving almost the same performance in both stages

of optimization.

1. INTRODUCTION

izeable planar arrays are becoming increasingly popular in

modern communication applications due to their superior
sensitivity and large capacity. More radiating elements in an
array mean a higher cost for the system controllers. Dividing
large planar arrays into smaller subarrays is a practical way to
reduce costs (i.e., complexity). The subarrayed planar array
technique is a balanced trade-off between cost and system per-
formance. To avoid generating grating periodic lobes, it is im-
portant to focus on avoiding creating regular and repeating the
same structure subarrays. There are several practical ways to
get rid of side lobes problems as well as to preserve other char-
acteristics of the radiation pattern, including designing overlap-
ping clusters using lens feeding or Butler array [1], but build-
ing these arrays is very expensive. Other methodologies have
tried to solve these problems by using random polyomino sub-
arrays [2] or random rectangular subarrays [3—5], or using the
principle of rotational symmetry [6, 7], and others [8].

The use of irregular subarrays is a common choice by re-
searchers to construct an integral beam pattern [9, 10]. Consid-
ering the complexity and cost of the system, researchers pre-
fer to use only one or two types of planar subarrays such as
T-shaped [11], or L-octimino-shaped ones [12]. However, us-
ing this type of subarray is problematic and time-consuming.
Sometimes, it is impractical to precisely divide large arrays us-
ing single-shape subarrays [13], especially widely used subar-
rays such as square or rectangular aperture. It is easy to divide
the planar array into square or rectangular subarrays, whereby
simply dividing each rectangle or square into two halves by
changing the direction of each half, thus this process can pre-
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serve the properties of the desired pattern. This is the idea of
this connection to divide large planar arrays and break their pe-
riodicity which negatively affects the desired pattern.

After completing the process of designing the planar subar-
rays, it is possible that there will be a lot of small subarrays
within the main aperture, and thus the array system will be
somewhat complicated and expensive, in addition to generating
mutual coupling between these subarrays. Here, it is important
to turn off some of the subarrays without affecting the radia-
tion characteristics of the array as a whole. This thing can be
achieved by using the thinning technique. The choice of subar-
rays to be turned off depends on their functionality or their lo-
cation within the aperture. That is, random selection can affect
the system negatively. Therefore, the use of regular thinning
approaches is important here, such as using fractal shapes as a
thinning. The use of fractal planar array approaches gives the
system the freedom to build the required patterns. The princi-
ple of fractal arrays lies in building initial arrays that contain a
set of zero and non-zero elements. Thus, these arrays can be
expanded to build larger fractal arrays. Many forms of fractal
arrays can be built, such as Sierpinski carpet, Sierpinski gasket,
and other types [14, 15]. Although fractal arrays have many ad-
vantages, they suffer from generating a high level of side lobes.
It is possible to solve this problem by using several optimization
methods [16—-19].

In this paper, the pattern of the planar array is improved using
two optimization stages based on amplitude-only excitation of
elements. In the first stage, the main planar array is divided into
a group of square and rectangular subarrays. During this stage,
the complexity of the feeding network in terms of the number
of attenuators is greatly reduced, but the radiation pattern, in
this case, may suffer from high and periodic side lobes. Here,
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FIGURE 1. Structure of the first optimization stage.

it is necessary to reduce the number of subarrays by changing
their shapes so that the square and rectangular shapes are bro-
ken. This is achieved in the second optimization stage, in which
the subarrayed planar array (SPA) is fed into a fractal thinning
optimizer. In this way, some subarrays will be completely or
partially turned off, meaning that the SPA will contain work-
ing and non-working subarrays. In addition, the main planar
array will take the form of a fractal array. By including the pro-
posed fractal shape with the SPA, the subarrays are canceled
according to the proposed fractal array decor. Both optimiza-
tion stages provide good beam pattern characteristics with sig-
nificant simplification of the feeding network.

2. THE METHODOLOGY OF THE PROPOSED PLANAR
SUBARRAY THINNING

In this section, fully and partially fractal thinning planar sub-
arrays are introduced highlighting their practical advantages.
Clarifying the idea of this study can be divided into two stages.
In this first stage, the planar array factor (PAF) is formulated
by dividing the main planar array into small groups of square
and rectangular subarrays, while in the second stage, the fractal
array factor (FAF) is formulated to reduce the number of sub-
arrays by eliminating them in whole or in part.

2.1. Stage 1: The Fully SPA Pattern Optimization

Consider that we have a planar array with a size N, x M, as
shown in Figure 1. The distance between its adjacent elements
in the axes x and y is fixed at 0.5\ (ie., d, = d, = 0.5).
The elements of the array will be divided into a set of small
subarrays in the form of squares and rectangles equal to S, x .Sy,
and each subarray will contain active elements of size n, x m,,.
The sizes of the small arrays are much smaller than the size of
the main planar array. The PAF at angles (6, ¢) can be written
as:

S./2

425

N, /2

Sy /2
PAF (07 QO) - ZS Esmsy‘/szsy

M, /2
S B Vi, (1)
My

Ny
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where E s, is the complex excitation of the subarray ele-
ments; Eyp, m, is the complex excitation of the individual el-
ements of the main planar array; and Vs, and V,, p,, can be
expressed as:

Vips, = {cos[(s, —0.5)ds,]cos[(s, — 0.5)ds,]}
2 sin @ cos ¢ 2
A

Viam, = {cos[(my —0.5)dm,] cos[(n, —0.5)dn,]}
2{ sin 6 sin 3)

Usually, amplitude-only excitation is used when subarrays are
constructed [4], so the phases of the elements in the original
planar array and subarrays are set to zero. Then the ampli-
tude excitation of the elements is set as F, 5, = |Es,sg,|
and By m, = |En,m,|- Here, the first-stage optimizer with
|Es, s, | amplitudes are fitted in coordination with the GA to
optimize the beam patterns of the square and rectangular SPAs.

2.2. Stage 2: Fractal Thinning of the SPA Pattern Optimization

The idea of thinning comes by turning on or off some subar-
rays (in whole or in part) with a specific decorative model by
generating different new fractal structures. To implement this
idea, work is done to generate a set of fractal shapes with di-
mensions equal to the dimensions of the main planar array. To
do this, fractal array factor (FAF) is defined as follows [15, 17]:

FarF; (8) = [T

. FsA (Ba'™h)

“4)
where FSA represents the expansion factor and starts from the
primitive array matrix for ¢ = 1. Depending on this equation,
fractal shapes are formed to reduce the number of subarrays and
then build the desired radiation pattern. It is possible to express
FSA in the x and y axes as follows:

1
FSA = § [cos [ [u — u,]] + cos [7 [v — v,]]
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FIGURE 2. Structure of the second optimization stage.

+2cos [ [u — u,]] cos [ [v — v,]]]

(5)
where u, and v, are the direction of the main beam plane, and

they work in conjunction with PAF. To expand the FAF to fit
the subarrayed PAF, FAF is written as:

1

H;l [cos (3" B,) + cos (3i_1ﬂy)

+2cos (3°714,) cos (Bi_lﬂy) (6)
Because of the nature of fractal arrays in terms of element distri-
bution, PAF is calculated in advanced iterations, i.e., at ¢ > 1.
Reducing the radiating subarrays by turning off all or part of
them according to the compatibility of their positions with the
zero elements leads to reducing the mutual coupling between
the active subarrays due to the change of distances between
them.

In order to generate new fractal forms to thin the number
of subarrays, first, let’s start with the derivation of the tradi-
tional Sierpinski carpet elementary array matrix, and then the
new fractal array matrices are derived. The primitive elemental
matrix of the traditional Sierpinski carpet can be written as [21]:

[0 0 O

E.,. =10 Z O (7
L O O O =1
[ Ej,. Ei. Ei.

Epty = | B Zim  Eim (8)
| Bom B B |12,

where E¢ and E'*! represent the primitive fractal array ma-
trix and the next iteration fractal array matrix, respectively. O
and Z represent the ones and zeros elements, respectively. The
loacation of Z  in the traditional Sierpinski carpet is always
in the middle of the matrix. By changing the numbers and lo-
cations of the O and Z, a new fractal shape is created. It is also
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possible to increase the dimensions of the primitive array ma-
trix EY,, from3 x 3to4 x 4or5 x 50r 6 x 6 or ... etc. to
produce more types of fractal shapes. By increasing the num-
ber of elements of the initial fractal array matrix, the number
of possibilities for producing different fractal decorations in-
creases. After the initial fractal array matrix and its subsequent
iterations have been determined, the final subarrayed PAF can
be written in coordination with the FAF as follows:

B x4y S B Ve,

Nz /2 ZMy/Q }Enzmy} Vi,
My

By using fractal arrays to thin the SPA, a few subarrays will
participate in shaping the final beam pattern. So, the thinning
factor (TF) can be formulated as:

PAF; (0, ¢)

)

Ng

(Nz x My) — (S x Sy)
Ny x M,

active

TF =

(10)

(SZF x Sy)inactive = (N93 x My) - <S$ X Sy)active (11)
In order to maintain the characteristics of the radiation pattern
as in the SPA in terms of main beamwidth and their direction,
and directivity as well as the SLL, some determinants (as an
objective function) are imposed on the optimization process as
follows:

Determinants = Zk {HPBW — HPBW,}”

+ {PAF (ugp,, vsii, ) — SLL4}” (12)

where k is the number of SLL angles; usr1, , vsir, represent
the angles of the lobes on either side of the main lobe; SLL, is
the desired SLL in the SPA; and HPBW,; = ﬁ or ﬁ is
the desired width of the main beam on the elevation or azimuth
plane. Figure 2 shows the final structure of the fractal thinned
SPA (FTSPA) configuration.

The use of global optimization methods is necessary with
subarrays and thinning techniques. Therefore, in this paper,
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FIGURE 3. The flow chart of the optimization method.

the optimization process was assigned to the GA under the fol-
lowing characteristics: population number 60, a single point
crossover, and 0.15 mutation rate. To clarify the optimization
process more, Figure 3 shows the flowchart of the work of this
algorithm.

3. SIMULATION RESULTS

In this part, several computer results are presented to show the
effectiveness of the fully SPA (FSPA) and FTSPA. In all tests,
a planar array with dimensions equal to the dimensions of the
proposed fractal array matrix is considered. The elements of
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the original planar array are distributed symmetrically around
the = and y axes with a spacing of 0.5).

In the first model, a square planar array with 36 x 36 elements
is selected. According to the first optimization step, this array
is tiled with irregular square or rectangular subarray shapes.
All subarrays contain the same number of elements with dif-
ferent sizes. With this specification, the radiation pattern of the
FSPA is improved. Then, FSPA enters the second optimizer
(i.e., the second stage optimization) to turn off some subarrays
completely or partially, depending on the generated fractal ar-
ray matrix. Optimizer 2 initializes the proposed fractal array
matrix by generating an initial fractal array matrix (¢ = 1) con-
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FIGURE 4. Results of the first model (a) FSPA elements distribution, (b) proposed fractal thinned structure, (c) FTSPA elements distribution, and (d)
radiation pattern comparison between FSPA and FTSPA.
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FIGURE 6. Results of the second model (a) FSPA elements distribution, (b) proposed fractal thinned structure, (¢) FTSPA elements distribution, and

(d) radiation pattern comparison between FSPA and FTSPA.

sisting of 6 x 6 elements, and then increments ¢ greater than
one to fit its size with the size of the FSPA. The assumed deter-
minants for this model are SLL = —25dB, HPBW = 3.44 deg
with a thinning percentage of 44%. Figure 4 shows a 2D (u-cut)
radiation pattern comparison between FSPA and FTSPA. From
this figure, it can be seen that the two patterns have the same
radiation properties under the imposed determinants. This is
the goal. Also, one of the benefits of using fractal shapes as
a thinning array is the great simplification of the feeding net-
work. Therefore, the working feeding network can be designed
in the form of a fractal array at ¢« = 1 and then expanded to be
applied to larger arrays (see Figure 5). This network feeds the
active subarrays resulting from the thinning of the SPA after the
second optimization stage.

In the second model, a planar array of 216 x 216 elements
is tested. With the same scenarios followed in the first model,
this model is examined. In this case, also, an initial fractal array
matrix of 6 x 6 elements is generated, and using the expansion
factor at (¢ = 3) a thinned fractal array matrix of 216 x 216 is
generated to match the SPA.

Figure 6 shows a 2D (u-cut) radiation pattern comparison
between FSPA and FTSPA under the determinants of SLL =

132

35dB, HPBW 0.4812 deg with a thinning percentage of
47%. From this figure, it is observed that by increasing the
number of elements in the original planar array, the possibility
of thinning the subarrays increases further. It is worth noting
that the execution time of the algorithm in its two stages is 3
seconds (the optimization stages are done by using a core'” lap-
top with 8 GB RAM and 2.4 GHz processors.)

Next, the performance of the thinned fractal array in terms
of the relationship of SLL and HPBW with different propor-
tions of the TF percentage has been studied in detail for the first
model (see Figure 7). It is concluded from this relationship that
increasing the TF percentage leads to an increase in the SLL
while maintaining the main beam width. The increase in the
level of the side lobes, in this case, is logical because of the
decrease in the degrees of freedom of the optimizer 2. How-
ever, the important thing here is to keep the main beamwidth
(HPBW) from scattering despite a significant increase in the
TF.

Figure 8 shows the variation of the objective function with
the number of iterations for the proposed two optimizer stages.
It can be noted from this figure that the FTSPA stage requires
fewer iterations to converge than FSPA stage, and this is a goal.
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FIGURE 9. Multi-dimensional cubic planar array (a) similar faces array elements distribution, (b) different faces array elements distribution.

This gives other advantages to the proposed second optimizer
stage. Finally, the proposed idea was expanded to a multi-
dimensional planar array in the form of a cube with six similar
faces made up of N, x M, elements for each face. It is also
possible to build a cubic array with six different faces in terms
of the fractal shape used(see Figure 9). This type of multidi-
mensional array can be successfully applied in cube satellites
such as picosatellite and Doppler radar applications.

4. CONCLUSION

It is clear from the present investigation that the desired radi-
ation pattern characteristics can be obtained in both optimiza-
tion stages in terms of low side lobes and the preservation of
the HPBW. The generation of new fractal arrays derived from
a conventional Sierpinski carpet as a thinning array was effi-
cient in maintaining the required results. The obtained results
by using the proposed method were a significant reduction in
the complexity and cost of the feeding network from a practi-
cal point of view. In order to make the optimization process
more efficient, a genetic algorithm was used. In addition, the
proposed method is extended and applied to multidimensional
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arrays as a cube array to be suitable for working in modern ap-
plications such as satellites and radar.
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