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Simplified Rectangular Planar Array with Circular Boundary
for Side Lobe Suppression
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Abstract—The thinning methods were usually used to simplify the array complexity by turning off
some of the radiating elements in large planar arrays which lead to unavoidable reduction in the
directivity. In this paper, an alternative method is used to simplify the array complexity by partitioning
a large array into two contiguous subarrays. The first subarray is in circular planar shape in which its
elements are uniformly excited, while the second subarray in which its elements surround the circular
subarray, and they have significant impacts on the array radiation features and are chosen to be adaptive.
The desired radiation characteristics are then obtained by optimizing only the adaptive elements which
are far less than the total number of the original array elements. Since the majority of the elements
in the proposed array are uniformly excited, its directivity and taper efficiency are found very close to
that of the benchmark solutions. Simulation results verify the effectiveness of the proposed array.

1. INTRODUCTION

Large planar antenna arrays have been used in many practical radar systems such as HAPDAR [1]
which consists of 4300 elements, Cobra Dane [2] with 34768 elements, Pave Paws [2] which consists of
2677 elements, Sea Based X-Band radar [3] with more than 45000 transmit/receive modules, and the
European Incoherent Scatter Scientific Association (EISCAT) radar based antenna arrays composed of
more than 10000 elements [4]. In addition, the fifth generation (5G) wireless communication systems
are also recommended for massive MIMO systems which consist of large antenna arrays to fulfil the
increasing demands for higher speed and data traffic. Generally, the cost and complexity of the feeding
network of such systems are very high. There are many approaches to simplify the feeding complexity.
Among these approaches are those of thinning arrays where the redundant elements could be removed
(turning off) from the original large arrays [5–7]. The feeding complexity can also be simplified
by controlling only the phase excitations [8] or controlling the amplitude excitations of the array
elements [9]. Recently, array pattern synthesis has been performed by using various global optimization
methods such as genetic algorithm [10], particle swarm optimization [11–13], and differential search
algorithm [14] in which the excitation amplitudes, phases, and/or element positions are taken as the
optimization parameters. Very recently, the sparseness techniques via compressed sensing were also
used to effectively minimize the number of array elements and simplify the feeding complexity [15, 16].

More effective solutions can be obtained by choosing only part of the array elements to be
optimizable instead of all of them [17, 18]. The excitations of the elements of the non-optimized
subarray are kept unchanged from their original excitations. In [19–23], various analytical and numerical
techniques for array pattern optimization have been suggested, and they are basically based on partially
adaptive arrays to simplify the array complexity. In [24], a small number of edge elements on both sides
of a linear array are optimized to meet the required radiation patterns with controlled nulls. The
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excitations of the inner elements of the linear array remained unchanged from their original excitations.
Thus, the complexity of the array feeding network has been greatly reduced.

In this paper, the technique that was presented in [24] is extended to rectangular grid antennas
with circular boundary elements to simplify the array complexity by partitioning a large array into
two contiguous subarrays. Since the majority of the elements in the proposed array are uniformly
excited, its directivity and taper efficiency are found very close to that of the benchmark solutions.
The technique involves, first, forming a sub-rectangular planar array with circular boundary from an
original rectangular array. The elements located inside the constructed circular aperture are chosen to
be non-adaptive, while the surrounding (or outside the circle) elements which are characterized to have
prominent features on the array radiation pattern are chosen to be adaptive. In addition, the diameter
(i.e., in terms of number of the array elements within the circle) of the constructed circular aperture is
also chosen to be adaptive such that a good compromise (trade-off) between the array complexity and
optimized radiation pattern is obtained. The criteria used to divide the large array into two subarrays
depend on the required constraint mask such as peak sidelobe level. In general, an adaptive subarray
with a reasonable set of outer elements around the circle can offer a reasonable number of degrees
of freedom to perform the sidelobe reduction in the overall array pattern. The number of degrees of
freedom, however, should be significantly less than the total number of original array elements.

Then, by optimizing the amplitude excitations of the surrounding elements, one could cancel or
reduce all the sidelobes on both azimuth and evaluation planes with capability to generate the required
nulls at undesired directions. In order to get optimum suppression of sidelobes while maintaining the
main beam undistorted, the genetic algorithm is used to find the optimal values of the amplitude
excitations of the surrounded elements.

2. THE PROPOSED PLANAR ARRAY

The structure of the proposed planar array is shown in Fig. 1. It consists of a number of uniformly
excited elements inside a circle with radius R and another number of adaptive elements surrounding
the circular aperture. The details of each part are shown in the next subsections.

 R

Adaptive elements

×× Uniformly excited elements

Figure 1. Structure of the proposed array.
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2.1. Rectangular Array with Circular Boundary

Consider an initial N × N square grid as shown in Fig. 1. The array factor of such a planar array at
the far field observation point can be given by [22]

AF (θ, ϕ)=
N∑

n=1

N∑
n=1

annej 2πdx
λ

[(n−1)(sin θ cos ϕ)]ej
2πdy

λ
[(n−1)(sin θ sinϕ)] (1)

where θ and ϕ are the elevation and azimuth angles, respectively; d = dx=dy=λ/2 are the uniform inter-
element spacings in x and y directions; and ann is the amplitude weighting of the initial planar array
which could be uniform or nonuniform tapering distributions. The elements of the initial rectangular
planar array is first partitioned into two unequally groups by drawing a circle centred at the origin with
a certain radius, R, as shown in Fig. 1.

The elements located inside the circle are all kept unchanged from their original excitations, while
the elements located outside the circle and on the sides of the rectangular array are optimized by means
of genetic algorithm such that the main beam direction and the shape of the proposed array pattern are
maintained as close as possible to that of the original rectangular planar array with some constraints
on the sidelobe level and null controls during the optimization process of the outer elements.

To proceed with the proposed technique, first we need to find a proper value of radius, R, and
the distance from the origin to any element, say (n, n), in the initial planar array. R in terms of array
elements, N , can be easily found as:

R =
N − 1

2
+δ (2)

where δ is set to δ ≤d
4 . Then, the amplitude excitations, ann, in Equation (1) can be modified to

ann=
{

1 if distance < R
bnn elsewhere (3)

Then Eq. (1) can be rewritten as shown below

AF (θ, ϕ)=
NC∑
n=1

ej 2πd
λ

[(n−1)(u+v)]

︸ ︷︷ ︸
elements inside the circle

+
N∑

n=NC+1

bnej 2πd
λ

[(n−1)(u+v)]

︸ ︷︷ ︸
elements ouside the circle

(4)

Note that the array factor given in Eq. (4) is expressed as a one-dimensional sum instead of two-
dimensional sum for the purpose of efficient programming. Here, NC is the total number of elements
inside the circle.

As mentioned earlier, the element excitations inside the circle are non-adaptive (or constant) while
those outside the circle are adaptive. Thus, the complexity, in terms of the required number of adaptive
elements compared to those of the fully adaptive planar arrays may be computed by the ratio of the
number of the elements outside the circle (whose amplitude excitations are adaptive) to the total number
of elements. Generally, it is found that a better reduction in the complexity can be obtained for larger
circular apertures. That is large values of radius, R, for instance, an array with size of 9 × 9 elements
and for R = 4.025 elements. The number of adaptive elements is 53 out of 81 total elements, and thus,
the complexity is 65.43%.

2.2. The Cost Function

The cost function that is used to optimize the array power pattern according to the given upper and
lower bounds of the constraint masks is described by

cost =
∑

|AF (θs,ϕs) − Mask Limit|2 (5)

where AF(θs, ϕs) represents the magnitude of the sidelobe pattern of the array factor of Eq. (4). The
cost minimizes the sidelobe magnitudes that excess the constraint mask. Clearly, better solution can be
obtained with lower cost. Each pattern point of AF(θs, ϕs) that lies outside the particular mask limits
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Figure 2. Cost functions for both fully adaptive array and the proposed array.

contributes a value to the cost function equal to the power difference between the desired constraint
mask and the resultant array pattern. In other words, the constraint mask specifies the desired radiation
characteristics. Then, the cost function can be defined as the square of the difference between the
resulting array pattern and the desired one.

Figure 2 shows the results of applying the cost function shown in Eq. (5) to an array with fully
adaptive elements and the proposed array with outer elements being adaptive only. The array size was
N × N = 41 × 41 elements, and the number of the adaptive elements in the proposed array was 884.
For both patterns, the required sidelobe mask was −20 dB, and a single null centred at u = 0.435 with
width equal to 0.03 is considered. It can be seen that the proposed array pattern meets the desired
constraint mask as the fully adaptive arrays are with much simplified array complexity.

3. SIMULATION RESULTS

In this section, extensive simulation results are demonstrated to illustrate the effectiveness of the
proposed rectangular array with circular boundary and partially adaptive elements. To evaluate
the performances of the standard fully adaptive rectangular array and the proposed array, the taper
efficiency and average sidelobe level are computed as:

η =

∣∣∣∣∣
N∑

n=1

M∑
m=1

amn

∣∣∣∣∣
2

NM

N∑
n=1

M∑
m=1

|amn|2
(6)

where η is the obtained taper efficiency which represents a measure of how efficiently the physical area
of the considered planar array was utilized.

The average side lobe level is defined as the radiation pattern outside the main beam when it is
summed and averaged with respect to the number of positions outside the main beam. This measure
gives more insightful information about the reduction of the whole side lobe structure than the only
peak side lobe level.

The main parameters of the used genetic optimization algorithm are set to be: selection was
roulette; population size was set to 20; mutation rate was 0.15; crossover was single point; mating pool
was set to 4. The amplitude-only weighting is used to find the optimized values of the adaptive elements.
The lower and upper bounds of the adaptive elements were set to 0 and 1 while the phases are set to
zero. Different numbers of array elements ranging from medium to large array sizes are demonstrated.
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Figure 3. Results of the proposed array with uniform distribution for 11 × 11 elements and R = 4.02.

Example 1: Uniformly excited array with size 11 × 11
In this example, an initial rectangular array with size 11 × 11 elements is considered. The radius

of the circle is chosen to be R = 4.025, and consequently, the number of non-adaptive elements located
inside the circle is 49, while the number of surrounding adaptive elements is 72. Figs. 3(a) and (b)
show the elements layout and the excitations of both adaptive and non-adaptive elements. The three
and two-dimension radiation patterns of the proposed planar array and the standard uniformly excited
planar array are shown in Figs. 3(c) and (d). In this case, the constraint mask consists of placing a null
centred at (u, v) = (0.435, 0.435), and the peak side lobe level should not exceed −30 dB in both u and
v planes, main beam pointing at (u, v) = (0, 0), and first null-to-null beam width should not exceed
(u, v) = (0.1667, 0.1667). It can be seen that the proposed rectangular grid with a circular boundary of
radius R = 4.025 is capable to fulfil most of the desired constraints. On the other hand, the directivity of
the proposed array is found to be 20.5537 dB, while that of the uniformly excited array was 21.9031 dB.
Also, the taper efficiency of the proposed array was 2.1939. Moreover, the computational complexity
of the proposed array is found to be 59.5% which is lower than that of the fully adaptive rectangular
array by 40.5%.
Example 2: Uniformly excited array with size 21 × 21

In this example, the size of the initial rectangular array is chosen to be 21 × 21 elements, and the
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Figure 4. Amplitude and phase excitations of the proposed array for 21× 21 elements and R = 8.025.

radius of the circle is chosen to be R = 8.025. Consequently, the numbers of non-adaptive and adaptive
elements are 197 and 244, respectively. Fig. 4 shows the amplitude and phase excitations of the adaptive
and non-adaptive elements, while Fig. 5(a) shows the element layouts, and Figs. 5(b) and (c) show the
two and three-dimension radiation patterns of the proposed planar array with its corresponding contour
(see Fig. 5(d)). The constraint mask was as in the previous example. For comparison purpose, the results
of the fully adaptive planar array with size 21 × 21 are shown in Fig. 6. It can be seen that almost the
same performance can be obtained with the proposed array at much lower computational complexity in
the number of adaptive elements 55.33%. Moreover, the performance indicators of the proposed array
under various radius values are listed in Table 1. For this array and for R = 8.025, the directivity and
taper efficiency of the proposed array were 26.3223 dB and 1.9778, respectively, while for fully adaptive
arrays, these values were 25.9502 dB and 4.9851. From these results, it is clear that the performance
of the proposed array with partially adaptive elements is much better than that of the fully adaptive
array elements.

(a) (b)



Progress In Electromagnetics Research M, Vol. 97, 2020 63

(c) (d)

Figure 5. Results of the proposed array for 21 × 21 elements and R = 8.025.

Table 1. Performance indicators versus radius, R, for 21 × 21 array elements.

Radius,
R

Directivity
(dB)

Taper
efficiency

Peak side
lobe level

(dB)

Average
side lobe
level (dB)

Complexity %

Standard uniformly excited rectangular array
27.5008 1 −13.23 −20.3320 0

Proposed uniformly excited rectangular array with circular boundary
10.025 27.4232 1.1254 −13.5 −21.1595 28.12
9.025 27.0727 1.4554 −17.0 −22.4610 42.63
8.025 26.6832 1.8406 −18.0 −23.1834 55.33
7.025 26.2762 2.0965 −20.0 −23.4178 66.21
6.025 26.6602 2.3683 −22.0 −25.1944 74.38

Standard non-uniform (Dolph) excited array
27.0504 2.6746 −20 −19.3583 100

Proposed non-uniform (Dolph) excited array with circular boundary
10.025 26.8666 1.3178 −14.7 −21.3985 28.12
9.025 26.6969 1.5841 −17.5 −22.9208 42.63
8.025 26.1856 2.0263 −20.5 −24.7000 55.33
7.025 25.2923 2.6198 −20.8 −24.2784 66.21
6.025 25.3280 3.1061 −25.0 −26.8202 74.38

Example 3: Uniformly excited array with size 41 × 41
In this example, the size of the initial rectangular array is further increased to 41 × 41. Fig. 7

shows the results of the tested arrays. Again, the proposed array is capable to meet all the desired
constraints. For this example, the directivity of the proposed array is found to be 32.3533 dB, while
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that of the uniformly excited array was 33.3067 dB. Also, the taper efficiency of the proposed array was
1.8314 which is close enough to that of the uniformly excited array.

Figure 6. Results of the fully adaptive array for 21 × 21 elements.
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Figure 7. Results of the proposed array for 41 × 41 elements and R = 8.025.

(a) (b)

(c) (d)

Figure 8. Results of the proposed array with Dolph distribution and for 21×21 elements and R = 7.025.
(a) Array layout, (b) 2D array patterns, (c) original Dolph pattern, (d) proposed array pattern.
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(a) (b)

Figure 9. Amplitude distributions for (a) the original Dolph array and (b) the proposed array.

Figure 10. Results of the proposed array with Dolph distribution and for 21×21 elements and R=8.025.
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Example 4: Dolph excited array with size 21 × 21
In this example, the proposed array is applied to the non-uniformly excited planar arrays such as

Dolph array. Fig. 8 shows the elements layout for R = 7.025 and the corresponding radiation patterns of
the standard Dolph array (21×21 elements, SLL = −20 dB) in which the excitations of the surrounding
adaptive elements are only optimized to get radiation characteristics as close as to that of the standard
fully adaptive Dolph array with simplified array feeding network. The amplitude excitations of the
circular array elements were also set to ones. Fig. 9 shows the amplitude excitations of the standard
Dolph excited array and the proposed rectangular array with circular boundary. Fig. 10 repeats the
results of the proposed array for another value of R = 8.025. These results fully confirm the effectiveness
of the proposed method in both uniform and nonuniform amplitude excitation arrays.

Finally, the effect of the number of adaptive elements (or the variations of the circle radius, R)
on the directivity, taper efficiency, peak side lobe level, average side lobes, and the complexity of the
feeding network in terms of the number of used adaptive elements are investigated for both uniformly
and non-uniformly excited arrays. The results are shown in Table 1. It can be seen that the directivity
and taper efficiency values of the proposed array are slightly degraded when the radius of the circle is
reduced (i.e., increasing the number of adaptive elements). On the other hand, the peak side lobe level
and average side lobe level are both significantly reduced with increased number of adaptive elements;
of course, this comes at the cost of higher complexity. From these results, it can be concluded that
simplifying the element excitations of a circular array on a square grid is a good option for practical
radar systems.

4. CONCLUSION

It has been shown that the proposed technique represents a good solution for simplifying the large
arrays. For the fully optimized rectangular array with size 21 × 21 adaptive elements, its performance
indicators were found to be: taper efficiency = 4.7702, directivity = 26.4805 dB, peak side lobe level =-
20.4 dB, and complexity = 100%, while for the proposed array with R = 7.025, these values were 2.7587,
25.0438 dB, −21.4 dB, and 66.22%, respectively. These mean that the proposed array was able to provide
better taper efficiency, comparable directivity, average side lobes, and a great reduction in the array
complexity.

In the future work, the thinning process may be included and combined with the optimization
process of the proposed array to further reduce the relatively large number of the adaptive elements
outside the circular boundary. Its effectiveness in the wireless monitoring applications will also be
investigated [25].
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