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Legenda

EM: Excitation Matching

BEM: Border Element Method
CPM: Contiguous Partition Method
SLL: Sidelobe Level

HPBW:: Half-Power Beamwidth

1 Numerical Validation - The K-means-based Excitation Matching

Method

1.1 Reliability Analysis

OBJECTIVE: Verify the reliability of the proposed K — means algorithm. A statistical analysis will be carried
out in order to evaluate the performance of the method when randomly changing the initialization of the array
partitions. The size of the problem is fixed (number of elements: N = 32) as well as the desired beam pointing
angle, but different number of clusters are considered, form @ = 12 up to @ = 28 (namely, the values that will

be considered in the following Sections).

Array Parameters

e Number of elements: N = 32

Number of subarrays: Q = 12, 16, 20, 24, 28

e Inter-element spacing: d = \/2

Taylor excitation amplitudes, SLL,.; = —30 [dB]

Pointing angle: 6y = —5 [deg]

K-means Clustering Parameters
e Number of iterations: I = 100

e Number of executions: R = 1000



1.1.1 Taylor Pattern, N =32, SLL,.;y = —30 [dB], 6y = —5 [deg]

min max I o? n [%]
Q=12 |143x1072 | 222x1072 | 1.64x 1072 | 1.61 x 1076 2.1
Q=16 | 816 x 1073 | 1.47x 1072 | 8.76 x 1073 | 5.06 x 1077 || 11.5
Q=20 |423%x10"3 | 569x1072 | 5.02x 1072 | 9.84 x 1078 0.4
Q=241|183x1073 | 417x1073 | 212x 1073 | 1.07 x 1077 1.8
Q=28 |347x107* | 6.63x 107* | 425 x 107* | 1.86 x 1078 || 75.2

Table I: Reliability Analysis - Statistics: Minimum value (min), maximum value (max), mean value (u) and
variance (02) of the excitation matching error ¥ along with the “successful rate” (1, ratio between the number
runs which converge toward the best solution found by the algorithm over the total number of runs).

OUTCOMES:

e The performance of the method and the achieved solutions significantly depend on the initial clustering.
However, the data in Tab. I show that generally the mean value is very close to the minimum one (e.g.,

1t g1 = 8.76 x 107 vs. min,—y _ r T, | = 8.16 x 1072, where u = E{¥} = L% ¥,) and

Q=16

the variance is very low (e.g., 2] = 5.06 x 1077, where 0> = LS {0, — ;}?) except for the

Q=16
case with @ = 20 where the mean value is closer to the maximum one (ugy_p, = 5.02 X 1073 closer to

max,—1.. rV,| = 5.69 x 1073 instead of min,—; gV, | = 4.23 x 107%). In such a case (i.e.,

Q=20 Q=20

@ = 20), the successful rate is very low (i.e., n]g_o5 = 0.4%);

e Due to the stochastic nature of the algorithm R = 100 runs will be executed in the next Sections, and

only the best solution will be selected and analyzed.



1.2 Taylor Patterns - Analysis varying () for Different Values of Reference Sidelobe
Level SLL,.¢

OBJECTIVE: In the previous Section the values reported in Tab. I clearly show that the excitation matching error
U decreases when the number of subarrays ) increases. This Section is aimed at studying the performance of
the K —means algorithm when changing the reference pattern, and more precisely when decreasing its sidelobe
level, by evaluating all the figure of merit. The performance will be analyzed also considering different values
of @, in order to confirm the outcome of the previous Section. The size of the problem is kept fixed (number of

elements: N = 32) as well as the desired beam pointing angle.

Array Parameters

e Number of elements: N = 32
e Number of subarrays: Q = 12, 16, 20, 24, 28, 32

e Inter-element spacing: d = \/2

Taylor excitation amplitudes, SLL,.r = —20, —25, —30, —35, —40 [dB]

Pointing angle: 6y = —10 [deg]

K-means Clustering Parameters

e Number of iterations: I = 100

e Number of executions: R = 100



1.2.1 Taylor Pattern, N =32, SLL,.;y = —20 [dB], 6y = —10 [deg]
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Figure 1: Target solution - (a) target excitations and (b) corresponding radiation pattern.



@ = 12 - Excitation Matching (EM) K-means Solution
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Figure 2: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.

Q@ = 16 - Excitation Matching (EM) K-means Solution
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Figure 3: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.



Q@ = 20 - Excitation Matching (EM) K-means Solution
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Figure 4: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.

Q@ = 24 - Excitation Matching (EM) K-means Solution
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Figure 5: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.



Q@ = 28 - Excitation Matching (EM) K-means Solution
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Figure 6: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-

uration.

Pattern Features Resume

Table II: K-means solution - Sidelobe level, SLL, half-power beamwidth, HPBW  directivity peak, Dpax,

SLL [dB] | HPBW [deg] | Dmax [dB] A ]
Q=12 || —11.56 3.30 17.90 5.34 x 1072 | 3.28 x 102
Q=16 || —14.06 3.38 17.91 3.02 x 1072 | 1.86 x 1072
Q=20 —17.46 3.49 17.88 1.06 x 1072 | 6.51 x 1073
Q=24 —19.21 3.54 17.88 411 x 1073 | 2,563 x 1073
Q=281 -20.25 3.57 17.87 6.34 x 107* | 3.89 x 1074
Q=32| -20.18 3.58 17.87 0.00 0.00

pattern matching error, A, and fitness, ¥, values.




1.2.2 Taylor Pattern, N =32, SLL,.; = —25 [dB], 6y = —10 [deg]
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Figure 7: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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@ = 12 - Excitation Matching (EM) K-means Solution
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Figure 8: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.

Q@ = 16 - Excitation Matching (EM) K-means Solution

=1
90° Im(l,] g=2 :
o . ( ] o g=3 @
120 60 g=4 @ 0
o - q=5
: g=6
; - . : -7 @
150% ", o . ~30° 3=8 o 10 1
£y S q=9 =
) O|=}(1) ®
' . 9= & 20t 1
 Rell,] g=12 o
180° ——t 13 o
_p-025 05 075 10 Q=14 ® o
.l S g=15 < 30t y
o q=16 g
o 5y \ S £
210%" D e T < 2 40t E
e o
¥ " . _50 L il L
240° Bl 300° - 05 0 05 1
270° u = sin(8)

=1 ® qg=4 ® q=7 ® 9=10 @ q=13 g=16
g=2 ® =5 =8 g=11 g=14 @
g=3 @ q=6 q=9 q=12 q=15
00 0000 o @ 0000 o0 oo
0 2 4 6 8 10 12 14 16

Figure 9: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 20 - Excitation Matching (EM) K-means Solution
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Figure 10: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.

Q@ = 24 - Excitation Matching (EM) K-means Solution
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Figure 11: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 28 - Excitation Matching (EM) K-means Solution
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Figure 12: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-

uration.

270°

oaa
N
[AY.SN
00

i e
—
025 05 0.75

330°

300°

—~
IS
~

199
[ Né -

T

[ORRRIRIE N e e lele oo el

et N N TR T TR RN

AON—=OOONOORWND =
[ ]

0000000000000

PNROMNIMNNOMNNINN = = — b
ONOARWN—=-OOWONDU

0000

TLT
© oo~
o000
LET
N = o

[
Normalized Power Pattern [dB]

0

20 +

Pattern Features Resume

SLL [dB] | HPBW [deg] | Dmax [dB] A ]
Q=12 —16.06 3.74 17.45 6.29 x 1072 | 3.41 x 1072
Q=16 || —17.67 3.78 17.56 3.23x 1072 | 1.75 x 1072
Q=20 —19.64 3.77 17.63 1.54 x 1072 | 8.38 x 1073
Q=24 —21.87 3.80 17.63 6.85 x 1073 | 3.72 x 1073
Q=281 -—23.76 3.78 17.67 1.55 x 1073 | 8.42 x 1074
Q=32| -2501 3.80 17.66 0.00 0.00

Table IIT: K-means solution - Sidelobe level, SLL, half-power beamwidth, HPBW  directivity peak, D ax,
pattern matching error, A, and fitness, ¥, values.
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1.2.3 Taylor Pattern, N =32, SLL,.;y = —30 [dB], 6y = —10 [deg]
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Figure 13: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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@ = 12 - Excitation Matching (EM) K-means Solution
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Figure 14: K-means solution - (a) Optimized excitations, () arising radiation pattern

uration.

Q@ = 16 - Excitation Matching (EM) K-means Solution

and (c¢) subarray config-
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Figure 15: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-

uration.
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Q@ = 20 - Excitation Matching (EM) K-means Solution
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Figure 16: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.

Q@ = 24 - Excitation Matching (EM) K-means Solution
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Figure 17: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 28 - Excitation Matching (EM) K-means Solution
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Figure 18: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.

Pattern Features Resume

SLL [dB] | HPBW [deg] | Dmax [dB] A ]
Q=12 || -17.31 3.98 17.21 6.59 x 1072 | 3.23 x 1072
Q=16 || —19.41 4.07 17.24 3.44 x 1072 | 1.69 x 1072
Q=20 —21.53 4.04 17.34 1.81 x 1072 | 8.86 x 1073
Q=24 —25.36 4.05 17.37 7.89 x 1073 | 3.87 x 1073
Q=28 | —27.96 4.04 17.41 2.01 x 1073 | 9.87 x 10~*
Q=32| -30.00 4.04 17.42 0.00 0.00

Table IV: K-means solution - Sidelobe level, SLL, half-power beamwidth, HPBW | directivity peak, D ax,
pattern matching error, A, and fitness, ¥, values.
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1.2.4 Taylor Pattern, N =32, SLL,.;y = —35 [dB], 6y = —10 [deg]
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Figure 19: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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@ = 12 - Excitation Matching (EM) K-means Solution

=1
g0e] I e
e : qg=3 @
120°. ..60° g4 ®
g=5
q=6 °
: A ; : =7
150% / .30° q=3 o
e ]
gq= ©
[ _ a
o 7 ' : ,‘ ,‘ Rell,] g=12 g
@ 0% 05 075 400 &
. . ; 3
L , , o £
210 g Lo el S
240°" ~'300°
270°
(a)
g=1 ® q=3 @ =5 q=7
=2 ® og=4 ® =6 =8

Figure 20: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.

Q@ = 16 - Excitation Matching (EM) K-means Solution
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Figure 21: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 20 - Excitation Matching (EM) K-means Solution
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Figure 22: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.
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Figure 23: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 28 - Excitation Matching (EM) K-means Solution
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Figure 24: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c) subarray config-

uration.

Pattern Features Resume

SLL [dB] | HPBW [deg] | Dmax [dB] A ]
Q=12 || —16.09 4.26 16.87 6.84 x 1072 | 3.10 x 1072
Q=16 | —-19.97 4.33 17.00 3.33x 1072 | 1.50 x 102
Q=20 —25.06 4.34 17.05 1.62x 1072 | 7.32x 1073
Q=24 —28.45 4.34 17.09 6.45 x 1073 | 2.92 x 1073
Q=28| —32.83 4.30 17.14 1.52x 1073 | 6.89 x 1074
Q=32| -3501 4.28 17.17 0.00 0.00

Table V: K-means solution - Sidelobe level, SLL, half-power beamwidth, HPBW  directivity peak, Dpax,
pattern matching error, A, and fitness,

W, values.
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1.2.5 Taylor Pattern, N =32, SLL,.; = —40 [dB], 6, = —10 [deg]
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Figure 25: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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@ = 12 - Excitation Matching (EM) K-means Solution
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Figure 26: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.

Q@ = 16 - Excitation Matching (EM) K-means Solution
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Figure 27: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 20 - Excitation Matching (EM) K-means Solution
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Figure 28: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.

Q@ = 24 - Excitation Matching (EM) K-means Solution
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Figure 29: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 28 - Excitation Matching (EM) K-means Solution

0

g=1 @ qg=15
g0¢| 'mlhal 42 az18
120° 60° q=3 @ g=17
: . q=4 ® q=18 & 10l
q=5 q=19 @ S
[ q=6 qg=20 @ =
o 5 qg=7 ® g=21 @ %
1507 30 q=8 q=22 @ %
' 0 ® 4o o 20r
5 ® o ® g-11 g25 @ 2
g * Rel,] q=12 q=26 2
n. — =
180° ————e+—+— el g 92 ® v os0f
70025 05 075 10 g= g= 3
s
£
b ® S 4o f
210° “330°
[ J
¢ 50
240° L 300° R
270°
(a)
=1 ® qg=4 ® qg=7 @ g=10 @ q=13 q=16
q=2 a=5 =8 q=11 =14 @ q=17
g=3 ® q=6 a=9 q=12 g=15 18
0000000 O [ J 0000000 [
. . . . . . . .
0 2 4 6 8 10 12 14
X/IN

Figure 30: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-

uration.

Pattern Features Resume

SLL [dB] | HPBW [deg] | Dmax [dB] A ]
Q=12 —16.36 4.66 16.52 6.70 x 1072 | 2.84 x 1072
Q=16 || —20.10 4.52 16.80 3.27x 1072 | 1.39 x 1072
Q=20 —24.95 4.56 16.83 1.48 x 1072 | 6.28 x 1073
Q=24 —29.72 4.54 16.88 5.06 x 1073 | 2.14 x 1073
Q=281 —34.96 4.52 16.92 9.80 x 10~* | 4.15 x 10~*
Q=321 -39.97 4.49 16.95 0.00 0.00

Table VI: K-means solution - Sidelobe level, SLL, half-power beamwidth, HPBW | directivity peak, D ax,
pattern matching error, A, and fitness,

W, values.
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1.2.6 Comparative Resume

Analysis vs. Q, 0y = —5 [deg]

‘ " SlLy=-20[dB] ——
SLLygr= 25 [dB] =3¢ =
= SLL g =-30 [dB] = sh=
3, SLLygr=-35[dB] ++ M
> SLLyg( = -40 [dB]
4 o
— o
%] T
K} £
>
3 'g ............. E TR C TCTTTIIII Wi
8 :
Ke] K R L LR S F O] S
8 SLLygf = 20 [dB] —4— -
? SLLygs = 25 [dB] ~ -3¢~ -, z Hmmm == *ommos H-mm - *=----
35 Sllg=-30[dB] - - A - W, L B . N N ;
SLLgf = -35[dB] W+ T |
SLL, = -40 [dB]
-40 L L L L L L L
12 16 20 24 28 32 20 24 28 32
Number of Subarrays, Q Number of Subarrays, Q
(a) (b)
18 T T T T
N + SLL,f = -20 [dB] =t
1738 ' . 1 _ SLL g = -25 [dB] — -3¢ —
1764 — ===~ === Hmm = === S SLLer = -30 [dB] - - A= -
5 174 s N P Ao x SLLygf=-35 [dB] «+-meer |
a aement N SLLyef = -40 [dB]
B - O T T S |
8 ............. et Mottt u ]
a 17 F o
2 =
2 168 1 S 1
3 166 SLLyef = -20 [dB] —p— s
a : SLLef = 25 [dB] = -3¢ — £ 1
16.4 SLLyef=-30[dB] = - A= = - 5
162 SLL o =-35[dB] -+ -mee: | i
SLL,; = -40 [dB]
16 ‘ ‘ : ‘ 0 5
12 16 20 24 28 32 12 16 20 24 28 32
Number of Subarrays, Q Number of Subarrays, Q
(c) (d)
1.6 T T
N SLL,f = -20 [dB] =t
14, SLL,gr=-25[dB] — -3¢~ -
'R SLLyg=-30 [dB] = - A=
% 124, SLLgf = -35 [dB] «eeomieer ]
P AR SLL e = 40 [dB)]
:‘é 0.8
©
=
c 06
K]
s
S 04r
x
L
0.2
0
12

Number of Subarrays, Q

()

Figure 31: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, Dy ax,
pattern matching error, A, and fitness, ¥, values as a function of the number of subarrays, Q.
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Analysis vs. Q, ) = —10 [deg]
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Figure 32: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, Dy ax,
pattern matching error, A, and fitness, ¥, values as a function of the number of subarrays, Q.
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Analysis vs. Q, 6y = —15 [deg]
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Figure 33: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, D ax,
pattern matching error, A, and fitness, ¥, values as a function of the number of subarrays, Q.
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Analysis vs. SLL,.y, 6y = —5 [deg]
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Figure 34: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, Dy ax,
pattern matching error, A, and fitness, ¥, values as a function of the target sidelobe level, SLL,.y.
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Analysis vs. SLL,.y, 8o = —10 [deg]
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Figure 35: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, Dy ax,
pattern matching error, A, and fitness, ¥, values as a function of the target sidelobe level, SLL,.y.
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Analysis vs. SLL,.y, 8o = —15 [deg]
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Figure 36: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, D ax,
pattern matching error, A, and fitness, ¥, values as a function of the target sidelobe level, SLL,.y.
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OUTCOMES:

e As expected, the excitation matching error ¥ and the pattern matching error decreases when the number

of subarray () increases, whatever the sidelobe level of the reference pattern, SLL,..¢;

e Figure 32(a) shows that the reduction on the number of subarrays @ has an higher impact on the actual

sidelobe level corresponding to the cases with lower SLL,. (e.g., it can be noticed that | §SLL]| gfzf;i{ 40d

s}

—10.25 [dB] is higher than |§SLL] gfif;i{zow = —0.96 [dB] when reducing the number of subarrays

from Q = 32 to Q = 24, considering SLL,.; = —40dB and SLL,.; = —20dB, respectively);

e Figure 32(b) shows that the half-power beamwidth does not change significantly with @. For example,
considering the case for SLL,.; = —30 [dB] such pattern feature only changes from HPBW | =32 = 4.04
[deg] to HPBW |,_,s = 4.08 [deg| when the number of control points is halved (i.e., the number of
subarrays decreases from @ = 32 to @ = 16). Similarly, Fig. 32(c) shows that the directivity peak does
not change significantly with ). For example, considering the same case for SLL,.; = —30 [dB] such
pattern feature only changes from Diax]g_3y = 17.42 [dB] to Diax]g_16 = 17.25 [dB| when the number

of control points is halved (i.e., the number of subarrays decreases from @ = 32 to @ = 16);

e Figure 35(c) shows that the pattern matching error does not change significantly with SLL,.y, espe-
cially for @ > 12. For example, considering the case for fp = —10 [deg] and with @ = 16, the pattern
matching error only changes from Alg; 505 = 3.02 x 1072 to A] SLL,.j=—d0ap = 3-27 X 1072
despite a decrease of 20 [dB] on the reference (i.e., from SLL,.; = —20 [dB] to SLL,.; = —40 [dB]).
Similarly, the excitation matching error does not change significantly with SLL,.¢. For example, consid-

ering the same case the excitations matching error only changes from W], - _o0ap = 1.86 X 1072 to

ref=

Ugrr,. = aoap = 1:39 X 1072,
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1.3 Taylor Patterns - Analysis varying the Pointing Angle 6,

OBJECTIVE: In the previous Section the performance of the K —means algorithm have been analyzed keeping a
desired beam pointing angle. Under such conditions the changes of sidelobe level of the reference patterns only
lead to variations of the excitation amplitude [in the complex plane (see for example Fig. 1), only the distances
of the points with respect to the origin are subject to variations while the angles are fixed]. This Section is
aimed at studying the performance of the algorithm when changing the beam pointing angle of the patterns
and thus the phases of the reference excitations [the angle of the points in the complex plane]. The size of the
problem is kept fixed (number of elements: N = 32) as well as the tapering on the reference excitations (and

accordingly the sidelobe level of the reference pattern).

Array Parameters

e Number of elements: N = 32

Number of subarrays: Q = 16

e Inter-element spacing: d = \/2

Taylor excitation amplitudes, SLL,.; = —30 [dB]

Pointing angle: 6y =0,—2, —4, —6, —8, —10, —15, —20 [deg]

K-means Clustering Method Parameters

e Number of iterations: I = 100

e Number of executions: R = 100
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1.3.1 Taylor Pattern, N =32, Q = 16, SLL,.y = —30 [dB]

6o = 0 [deg] - Target Solution
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Figure 37: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 38: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.
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0o = —2 [deg] - Target Solution
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Figure 39: Target solution - (a) target excitations and (b) corresponding radiation pattern.

0o = —2 [deg] - Excitation Matching (EM) K-means Solution
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Figure 40: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.
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0o = —4 |deg] - Target Solution
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Figure 41: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 42: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-

uration.
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0o = —6 [deg] - Target Solution
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Figure 43: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 44: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.
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0o = —8 [deg] - Target Solution
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Figure 45: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 46: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.
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0o = —10 [deg] - Target Solution
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Figure 47: Target solution - (a) target excitations and (b) corresponding radiation pattern.

6o = —10 [deg] - Excitation Matching (EM) K-means Solution
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Figure 48: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.
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0y = —15 [deg] - Target Solution
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Figure 49: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 50: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-

uration.
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0o = —20 [deg] - Target Solution
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Figure 51: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 52: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.
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Pattern Features Resume

SLL [dB] | HPBW [deg| | Dmax [dB] A v

0o = 0 [deg] —30.20 3.98 17.42 0.0 0.0
0o = —2 [deg] —28.29 3.96 17.40 4.14 x 1073 | 2.03 x 1073
0o = —4 [deg] —25.01 3.97 17.38 1.08 x 1072 | 5.28 x 1073
0o = —6 [deg] —23.52 3.98 17.32 2.26 x 1072 | 1.11 x 1072
0o = —8 [deg] —22.98 3.96 17.33 2.77x 1072 | 1.36 x 1072
0o = —10 [deg] || —21.42 3.95 17.31 344 x 1072 | 1.69 x 1072
0o = —15 [deg] || —22.58 4.01 17.38 2.91 x 1072 | 1.43 x 1072
6o = —20 [deg] —20.53 4.07 17.43 2.24 x 1072 | 1.10 x 1072

Table VII: K-means solution - Sidelobe level, SLL, half-power beamwidth, H PBW, directivity peak, D ax,

pattern matching error, A, and fitness, ¥, values.
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1.3.2 Comparative Resume

Analysis vs. @
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Figure 53: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW |, directivity peak, D ax,
pattern matching error, A, and fitness, ¥, values as a function of the number of subarrays, Q.
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Analysis vs. 6,
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Figure 54: K-means solutions - Sidelobe level, SLL, half-power beamwidth, H PBW |, directivity peak, D ax,
pattern matching error, A, and fitness, ¥, values as a function of the number of subarrays, Q.
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OUTCOMES:

e As expected, the excitation matching error ¥ and the pattern matching error decreases when the number

of subarray () increases, whatever the fixed pointing angle 6y;

e Figure 53(a) shows that the reduction on the number of subarrays @ has an higher impact on the actual
sidelobe level corresponding to the cases with higher |0y| (e.g., it can be noticed that |6SLL | gif’f;gfli s =| =799
[dB] is higher than |§SLL| gi::?f;df; =| =0.77 [dB] when reducing the number of subarrays from Q = 32

to Q = 24, considering 6y = —20deg and 0y = —2deg, respectively);

e Figure 53(b) shows that the half-power beamwidth does not change significantly with @, whatever the
pointing angle 6y. For example, considering the cases with 6y = —2 [deg| 6y = —20 [deg], such pattern
feature only changes from HPBW | Z;;;Zdeg = 3.98 |deg| to HPBW | Z;:fgdeg = 3.97 |deg] and from
HPBW | g’;}mdeg = 4.23 |deg] to HPBW | Z;:gmdeg = 4.22 |deg], respectively, when the number of
control points is halved (i.e., the number of subarrays decreases from @@ = 32 to Q = 16). Similarly,
the directivity peak does not change significantly with ), whatever the pointing angle 6. For exam-
ple, considering the cases with 6y = —2 [deg] 6y = —20 [deg], such pattern feature only changes from
Dinax) g "¢ = 17.42 [dB] to Dyax) 16 ¢ = 17.41 [dB] and from Diax)gsy "< = 17.42 [dB] to

Dinax] 22‘)::1—620'169 = 17.34 [dB], respectively, when the number of control points is halved;

e Figures 53(b) shows that the excitation matching error almost linearly increases until , = —10 [deg] and
than it starts to decreases. Such behavior seems strange, but such figure of merit essentially depends
on the “sparsification” of the excitations in the complex plane (see for example Figs. 47(a) and 51(a),
corresponding to the cases with the case with 8y = —10 [deg] and with 6, = —20 [deg], respectively for
a qualitative comparison. The average minimum distance between two excitations may be a useful

index for a quantitative comparison.
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1.4 Taylor Patterns - Analysis varying N

OBJECTIVE: In the previous Sections, the size of the problem has been kept fixed. This Section is aimed at
studying the performance of the K — means algorithm when changing the array size. A fixed ratio between
number of subarrays and total number of elements is considered, in order to deal with the same percentage
reduction of the control points. The beam pointing angle as well as the sidelobe level of the reference pattern

have been kept fixed.

Array Parameters

e Number of elements: N = 16, 32, 48, 64

Number of subarrays: Q@ = N/2
e Inter-element spacing: d = \/2

Taylor excitation amplitudes, SLL,.; = —30 [dB]

Pointing angle: 6y = —10 [deg]

K-means Clustering Method Parameters
e Number of iterations: I = 100

e Number of executions: R = 100
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1.4.1 Taylor Pattern, SLL,.r = —30 [dB], 6y = —10 [deg]: N =16, 48, 64 - Q = N/2

N =16 - Target Solution
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Figure 55: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 56: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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N = 48 - Target Solution
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Figure 57: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Figure 58: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢)

uration.
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N = 64 - Target Solution
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Figure 59: Target solution - (a) target excitations and (b) corresponding radiation pattern.

N = 64 - Excitation Matching (EM) K-means Solution
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Figure 60: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.

OUTCOMES:

e The pattern matching error and the excitation matching error generally decrease when the number of

elements increases, assuming to keep a fixed ratio Q/N = 0.5.
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1.5 Cosecant-Squared Pattern - Analysis varying ()

OBJECTIVE: In the previous Sections, the performance of the K —means algorithm have been investigated only
considering Taylor patterns as reference ones. This Section deals with a different kind pattern (more precisely a
cosecant-squared pattern), selected from the published literature. An analysis varying the number of subarrays

will be carried out, keeping a fixed beam pointing angle as well as the array size.

Array Parameters

e Number of elements: N =17

Number of subarrays: Q = 6, 8, 9, 11, 15

Inter-element spacing: d = A/2
e Cosecant-squared pattern, SLL,.; ~ —30 [dB]

Pointing angle: 6y =0 [deg]

K-means Clustering Method Parameters

e Number of iterations: I = 100

e Number of executions: R = 100
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1.5.1 Cosecant-Squared Pattern, N =17, SLL,.y ~ —30 [dB], 6y =0 [deg]: @ =6, 8, 9, 11, 15
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Figure 61: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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Q@ = 6 - Excitation Matching (EM) K-means Solution
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Figure 62: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.

Q = 8 - Excitation Matching (EM) K-means Solution

g=1 @

90° Im[l,] =2 ©

. . Q=3 @

20 & o=t ®

q:
. ; q=6
1500 S : a0 o ® g
) v ‘ L =8 g
f=
5
s
sl Re[l,] S
180° + t — H
700025 05 075 10 8
¢ B
.
2105 . 5 o mee S
° .
240° . ~300° 0 05 : 0s 1
270° u = sin(6)
(a) (b)
=1 @ q=3 @ q=5 =7 @
g=2 ©® q=4 @ g=6 q=8

Figure 63: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ =9 - Excitation Matching (EM) K-means Solution
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Figure 64: K-means solution - (a) Optimized excitations, (b) arising radiation pattern

and (c¢) subarray config-
uration.
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Figure 65: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ =15 - Excitation Matching (EM) K-means Solution
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Figure 66: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-

uration.
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Pattern Features Resume

A v
Q=6 | 4.75x 1072 | 2.20 x 102
Q=28 || 1.91x1072 | 8.85 x 1073
Q=9 || 1.15x107% | 5.32x 1073
Q=111 3.60x 1073 | 1.67 x 1073
Q=15 414x107* | 1.92x 1074

Table VIII: K-means solution - Pattern matching error, A, and fitness, ¥, values.

OUTCOMES:

e A good trade-off solution is obtained for @ = 9. Despite the high reduction in terms of control points (i.e.,
from Q = 17 to Q = 9, the reduction percentage is 47.1%), the solution exhibits a good pattern matching
error A = 1.15 x 10~2 limiting the degradation of the performance in terms of sidelobe level, that increase

from SLL|o_,, = —27.9 [dB] to SLL|,_,; = —21.7 [dB].
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1.6 Flat-Top Pattern - Analysis varying ()

OBJECTIVE: Similarly to the test case presented in the previous Section, in this case the performance of the
K —means algorithm are investigated considering a kind of pattern alternative to the pencil beam, the flat-top
pattern. An analysis varying the number of subarrays will be carried out, keeping a fixed beam pointing angle

as well as the array size.

Array Parameters

e Number of elements: N = 32

Number of subarrays: Q = 12, 16, 20, 28

Inter-element spacing: d = A/2

Flat-top pattern, SLL,.; = —20 [dB]

Pointing angle: 6y =0 [deg]

K-means Clustering Method Parameters

e Number of iterations: I = 100

e Number of executions: R = 100
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1.6.1 Flat-top Pattern, N =32, SLL,.; = —20 [dB], 6y =0 [deg]: Q =12, 16, 20, 28
Target Solution
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Figure 67: Target solution - (a) target excitations and (b) corresponding radiation pattern.
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@ = 12 - Excitation Matching (EM) K-means Solution
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Figure 68: K-means solution - (a) Optimized excitations, () arising radiation pattern and (c¢) subarray config-
uration.

Q@ = 16 - Excitation Matching (EM) K-means Solution
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Figure 69: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (¢) subarray config-
uration.
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Q@ = 20 - Excitation Matching (EM) K-means Solution
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Figure 70: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.
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Q@ = 28 - Excitation Matching (EM) K-means Solution
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Figure 71: K-means solution - (a) Optimized excitations, (b) arising radiation pattern and (c¢) subarray config-
uration.

Pattern Features Resume

A v

Q=12 | 3.64x1072 | 923 x 1073

Q=16 || 2.01 x 1072 | 5.09 x 10~3

Q=20 | 1.03x1072 | 2.62 x 1073

Q=281 1.14x1073 | 2.88 x 1074

Table IX: K-means solution - Pattern matching error, A, and fitness, ¥, values.

60



More information on the topics of this document can be found in the following list of references.
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