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Sub-Arrayed Phased Arrays
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Abstract

In this work, an innovative methodology for the design of planar sub-arrayed phased
arrays composed by irregular arrangements of vertical and horizontal domino-
shaped tiles is presented. More precisely, the proposed design method is aimed at
optimally synthesizing low and medium size arrays through a suitable customization
of mathematical tiling theorems and algorithms. Thanks to the exploitation of a
customized genetic algorithm (GA)-based optimization strategy, the retrieval of the
global optimal solution for the problem of finding the complete tiling affording the
minimum side-lobe level (SLL) is effectively yielded through the proposed approach.
A set of numerical benchmarks is presented in order to assess the proposed sub-
arraying technique for small-sized problems.



1 Numerical Validation

1.1 SMALL PROBLEM DIMENSION
1.1.1 Test Case #3: Exhaustive Strategy - 6x6 array

Parameters:

e Total Number of Elements: M x N =6 x 6 = 36
e Spacing: d = \/2

e Number of Samples along u: 512

e Number of Samples along v: 512

e Steering 6 Direction: 65 =0

e Steering ¢ Direction: ¢; =0

e Tile: Domino

e Number of Tiles Types: L = 2

— Horizontal

— Vertical
e Number of Single Tile Cell Covering: D; =2,i =1, ...

e Total Number of Configurations: Cy,; = 6728

Cost Function:

e Target SLL: SLLTARCET = —20dB
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Conf w
Horizontal | 1010111111112111111110101
Vertical | 0000011111011101111100000
Worst 0000011011011101101100000
Best 0000011011111111111111111

Table 1. The words for each selected configuration.

SLL [dB] | D [dBi] | HPBW,, [deg] | HPBW,; [deg] U (T)
Reference —20.0 19.87 19.46 19.46 0.0
Horizontal —14.50 19.84 19.46 18.63 7.569 x 1072
Vertical —14.50 19.84 18.63 19.45 7.569 x 1072
Worst —14.50 19.87 19.25 18.63 7.569 x 1072
Best —18.60 19.89 19.25 19.08 4.921 x 1073
Table 2. Pattern descriptors and fitness values for the presented solutions.
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Figure 2. Fitness. Ordered solutions w.r.t. the fitness value.
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Figure 2. Fitness behaviour in linear (a) and decibel (b) scales.



Optimal Solutions

e The following configurations are all optimal solutions, i.e. all of them shares with the “best” solution the

4.9 x 1073, thus the same SLL = —18.60dB

same fitness value ¥ (T')
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Table 3. The words for each selected configuration.
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1.1.2 Test Case #4: GA Strategy - 6x6 array - Schemata Approach

NOTE: with respect to the previous test cases the cost function is re-defined as: ¥ (T') = SLL
Array Analysis Parameters:

e Total Number of Elements: M x N =6 x 6 = 36

Spacing: d = \/2

e Number of Samples along u: 512

Number of Samples along v: 512

Steering 6 Direction: 6, =0

Steering ¢ Direction: ¢s =0

Tiling Parameters:

e Tile: Domino
e Number of Tiles Types: L =2

— Horizontal

— Vertical

e Number of Single Tile Cell Covering: D; =2,i=1,..., L
e Total Number of Configurations: Cy,; = 6728
e Number of Inner Points: N;,, = 25
Genetic Algorithm Parameters:
e Number of Unknowns: U = 50
e Population Dimension: P = 52
e Maximum Number of Iterations: I = 1000
e Crossover Probability: peross = 0.9
e Mutation Probability: p,,.¢ = 0.01
e Diversified Percentage: pg;, = 10%
Cost Function:
U (T)=SLL



Schemata Analysis:

Fitness, W(S)

S7 = Tmax
Figure 1. Generated schematas for a 6 x 6 rectangular region.
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Figure 2. Schematas sorted fitness (a), and comparison with the exhaustive fitness analysis (b).



i Schemata S; v (S;)

1 | 0000000000000000000000000 || 1.4649 x 102

2 | 0000000000001000000000000 || 1.4649 x 10~2

3 | 0000001110011100111000000 || 1.9596 x 10~2

4 | 1111111111111111111111111 || 1.9596 x 102

5| 1111111111112111111111111 || 1.9596 x 102

6 | 1111112221122211222111111 || 1.4649 x 102

71 1111112221123211222111111 || 1.4649 x 10—2
Table 1. Schematas words

Observations:

e Siand S7 are the minimal (7},,) and the maximal (T},,.) tiling configurations respectively.



GA Optimization RESULTS:
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Figure 3. Fitness of the GA simulations for each random seed.
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Figure 5.
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Figure 4. Fitness of the GA simulations.
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Figure 7. Fitness of the GA simulation using: (a) the schemata Spy_7) = {S1, S2, 53, S4, S5, S6, Sz} for the

initial population generation, and (b) the sub-optimal set of schemata Si3_4_5 = {3, S4, S5}.

e Observation: considering only the sub-optimal schemata does not change the dynamic of the obtained

fitness. The initial population still contains some “good” individuals, even if only sub-optimal schematas

are used as “starting points” for individuals generation.

Fitness, W(i) [dB]

Conf w — Exhaustive Solution w—GA Seed
Best — T77g | 0000011011111111111111111 GA—1 | 1111111111112111111100000 | {0.0,0.3,0.6,0.7,0.9}
Conf — Tio77 | 0000011111111111111111111 || GA—2 | 1111111111111111101100000 {0.1,0.2,0.4,0,5}
Conf — Ti10s | 0000011111112111111111111 || GA—3 | 0000011011111111111111111 {0.8}
Conf — Tis7o | 0000101111011110111100001
Conf — Ti417 | 0000101111012110111100001
Conf — Tia35 | 0000101111012210111100001
Conf — T3691 | 1000011110111101111010000
Conf — Ts799 | 1000011110112101111010000
Conf — Ts727 | 1000011110122101111010000
Conf —Tgaqs | 1111111111111111101100000
Conf — Tgaq9 | 1111111111111111111100000
Conf — Tgago | 1111111111112111111100000

Table 3. The global optimal solutions and GA solutions words.
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Seed ﬁtot [S] K

0.0 | 4.73x10%| 3

0.1 | 4.77x10%| 3

0.2 | 4.61x10%| 2

0.3 | 4.68x 103 | 2

04 | 4.73x103 | 91

0.5 | 4.74x10%| 2

0.6 | 4.71 x 103 | 140

0.7 | 4.86 x 10% | 369

0.8 | 4.79x10%| 2

0.9 | 4.95x 103 2
Table 5. Timings and number of iterations for convergence (K).
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Excitation Amplitude [arbitrary unit] Excitation Amplitude [arbitrary unit] Excitation Amplitude [arbitrary unit]

Excitation Amplitude [arbitrary unit]

SLL [dB]

D [dBi|

HPBW,, [deg]

HPBW,, [deg]

v(T)

Reference

—20.0

19.87

19.46

19.46

1.0000 x 10~2

GA-1

—18.5971

19.88

19.35

19.08

1.3813 x 1072

GA -2

—18.5971

19.88

19.25

19.08

1.3813 x 102

GA-3

—18.5971

19.88

19.25

19.08

1.3813 x 1072

Table 4. Pattern descriptors and fitness values for the presented solutions.
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Schemata Analysis

Opt-Solution: 010101010101010101010101f001 00301 01010101010000000000

11010 1101000000000 000(0.013849)
mg‘ggn0101010101010101o1<oo14174)

Gen-0 Ind-29: '0101010101010101010101011.0
Ind-25: 000000000000,01&@'@_‘}3&@00101
Ind-43;  1010101010101400101010.110F 0001010101090000000001(0.014395)
Ind-36: 101010101010101010101010 iOiO!010101[9_1_;30:00000001(0015053)
Ind-08:  0000000000000000000000010107000/0010101010000010001(0.015517)

Gen-1  Ind-10: 010101010101010101010101t1001 'p"01o101{fi 000000000000 (0.013849)
Ind-472 0000000000000101010000010 01010101010101010101(0.014174)
Ind-06: 0101010101010 01010101p@3!00010101!01;0,0010'0009000(0014197)
Ind-36: 010101010101ﬁm%avowuwam,mu1010101010000000001(0014395)
Ind-29: 01010101}0101,(19_9101‘01011q[100]1{1,0010101@1000000010000(0014701)

Gen-10 Ind-02: 010101010101010101010101%1:0.&100@10101'01000000000000{001384QJ
Ind-24: 010101010101010101010101 i0 '0;10101b1000000000000(0013349)
Ind-38: 01010101010101010101010171 Q_ﬂj"ﬁ___ 0‘10101b1000000000000(0013849)
Ind-44: 0101010101010101010101011Q,Q‘1"‘00010101101000000000000(0013849)
Ind-48: 01010101010101010101010110010001010101000000000000(0.013849)

0110100000000 00(0.013813) 4= =L,
101000/00/0000000(0.013849) 2 o
01000/000000000(0.013849) :

0
0

Gen-369Ind-29:  (010101010101010101010101[00 101010101
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10;( 1000000000000(0.013849)

10101000/000000000(0.013849)

Ind-44: 010101010101010101010101ﬂ001‘00010
Ind-49: 010101010101010101010101107)11,00010

s

Figure 8. Schemata Analysis.
Observations:

e All the selected schematas are heavily present in the initial population (in the picture only the fittest

individuals are reported)

e In the initial generations the schematas are randomly positioned among the binary strings, then at con-

vergence the schematas are positioned as in the global best individual.

15



References

1]

2]

3]

[4]

[5]

[6]

7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

L. Manica, P. Rocca, and A. Massa, “Design of subarrayed linear and planar array antennas with SLL
control based on an excitation matching approach,” IEEE Trans. Antennas Propag., vol. 57, pp. 1684-
1691, Jun. 2009.

P. Rocca, R. J. Mailloux, and G. Toso, “GA-based optimization of irregular subarray layouts for wideband

phased array design,” IEEE Antennas Wireless Propag. Lett., vol. 14, pp. 131-134, 2015.

A. Massa, G. Oliveri, M. Salucci, C. Nardin, and P. Rocca, “Dealing with EM functional optimization
through new generation evolutionary-based methods,” IEEE Int. Conf. Numerical Electromagnetic Model-
ing and Optimization for RF, Microwave, and Terahertz Applications (NEMO 2014), Pavia, Italy, pp. 1-4,
May 14-16, 2014.

P. Rocca, M. Benedetti, M. Donelli, D. Franceschini, and A. Massa, “Evolutionary optimization as applied

to inverse problems,” Inverse Probl., vol. 25, pp. 1-41, Dec. 2009.

P. Rocca, G. Oliveri, and A. Massa, “Differential Evolution as applied to electromagnetics,” IEEE Antennas

Propag. Mag., vol. 53, no. 1, pp. 38-49, Feb. 2011.

G. Oliveri, M. Donelli, and A. Massa, “Genetically-designed arbitrary length almost difference sets,” Elec-

tron. Lett., vol. 5, no. 23, pp. 1182-1183, Nov. 2009.

N. Anselmi, P. Rocca, M. Salucci, and A. Massa, “Irregular phased array tiling by means of analytic

schemata-driven optimization,” IEEE Trans. Antennas Propag., vol. 65, no. 9, pp. 4495-4510, Sep. 2017.

N. Anselmi, P. Rocca, M. Salucci, and A. Massa, “Optimization of excitation tolerances for robust beam-

forming in linear arrays,” IET Microw. Antennas Propag., vol. 10, no. 2, pp. 208-214, 2016.

L. Poli, P. Rocca, M. Salucci, and A. Massa, “Reconfigurable thinning for the adaptive control of linear

arrays,” IEEE Trans. Antennas Propag., vol. 61, no. 10, pp. 5068-5077, Oct. 2013.

P. Rocca, G. Oliveri, R. J. Mailloux, and A. Massa, “Unconventional phased array architectures and design

methodologies - A review,” Proc. IEEE, vol. 104, no. 3, pp. 544-560, Mar. 2016.

L. Poli, G. Oliveri, P. Rocca, M. Salucci, and A. Massa, “Long-distance WPT unconventional arrays

synthesis,” Journal of Electromagnetic Waves and Applications, vol. 31, no. 14, pp. 1399-1420, Jul. 2017.

G. Oliveri, M. Salucci, and A. Massa, “Synthesis of modular contiguously clustered linear arrays through a

sparseness-regularized solver,” IEEE Trans. Antennas Propag., vol. 64, no. 10, pp. 4277-4287, Oct. 2016.

T. Moriyama, E. Giarola, M. Salucci, and G. Oliveri, “On the radiation properties of ADS-thinned dipole

arrays,” IEICFE Electronics FExpress, vol. 11, no. 16, pp. 1-10, Aug. 2014.

T. Moriyama, L. Poli, and P. Rocca, “Adaptive nulling in thinned planar arrays through genetic algorithms,”

IEICE Electronics Ezxpress, vol. 11, no. 21, pp. 1-9, Sep. 2014.

16



