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Part I

Mathematical Formulation

ELEDIAQUniTN - DICAM, University of Trento - Student Report page 3/40



1 Glossary

®: Cost Function;

A: Area of the reflectarray;

q: type of polarization;
e «a: complex coefficient;
° J;ype (.): some type (total, minimum-norm, non-radiating) of current;

e ¢: phase;

&: far-field integral error;

e M: number of elements along x;

N: number of elements along y;

e Auz: element spacing along x [A];

Ay: element spacing along y [A];
e H: truncation order;

e P: swarm size;

I: max iteration number;

e K: number of NR-Basis (number of unknown).
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2 Cost Function Definition

In this Section is defined the Cost function for the Simple Shaping objective in the scalar formulation. The aim

of the objective is to have a total current distribution in which the

The cost function for the Simple Shaping objective in the scalar formulation is defined as:

B (a) = J [ 2{0797 (2,yl) ) — 6" (@, 9)] +H [0 (2,y) — 2 {J7°7 (x,yla) }] dxdy
B [ LA H[Z{TMN (2,y)} — oMAX (2,y)] + H [@MIN (2,y) — £ {TMN (2,y)}] dxdy

where

(a—b) ifa>bd

Ha—b =
0 otherwise

A: Area of the reflectarray;

p: type of polarization;

e a: complex vector of coefficient (of dimension K);

JqTOT (x,yla): total current of a given polarization (p);

¢MIN (2, y): user defined mask for the minimum phase of total current J7 97 (z,yla);

o MAX (x,y): user defined mask for the maximum phase of total current J7 9T (z,y|a).

3 Metrics for estimating the errors

3.1 Far-field mismatch

The following metric will be computed in order to check the mismatch between a given far-field Epp (u,v) and
a reference far-field E5L (u,v):

Far-field integral error:

B Ju Jy|Err (u,0) = Ef (u,0)] dudo o
€ - fu fv E;‘—'eg (’U,, U) dudv

3.2 Phase Mask mismatch

The following metric will be computed in order to check the mismatch between the phase of a current and the

Phase Mask:

Phase Mask mismatch:

§MN/TOT ( ‘H {4 {JéMN/TOT (z, y)} - ¢111V[AX (Jc,y)] ‘ if £ {JéMN/TOT (z, y)} >0
‘H {4 {J;wN/TOT (x,y)} _ (béuuv (x’y)” if {J;v[N/TOT (x,y)} <0

(3)

T,y) =
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Part II

Numerical Analysis
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4 Phase Range [-90:90] - Test Case 1 - 55x55 - Linear Polarization

This section is aimed at showing the result of setting the wanted phase range to [—90, 90] using a PSO with

different parameters.

4.1 Parameters
e Reflectarray Geometry:

— number of elements along x: M = 55;

— number of elements along y: N = 55;

— element spacing along x: Az = 0.373333 [\[;
— element spacing along y: Ay = 0.373333 [\];
— non radiating dimension: 2337;

— truncation order: H = 688;
e PSO Parameters

— max iteration number: I = {2 x 10*, 10° };
— number of NR-Basis: K = {100, 200, 400, 800, 2000};
— swarm size:
x for K = {100, 200}: P = {10, 20, 40},
x for K = {400}: P = {10, 20, 40, 100, 200};
* for K = {800, 2000}: P = {&,6 &K K1,
— inertial weight: 0.4;
— inertial: 2 -> consider constant inertial velocity;
— alpha: 0.4,
— beta: 0.4;
— cl: 2.0;
— c2: 2.0;

— random seed: {1, 2}.
e Optimization Parameters

— )" (m,y) = 90 [deg];
— ¢y (x,y) = =90 [deg];

— min {R{a}} = —1.0;
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— max {R{a}} =1.0;
— min{S{a}} = —-1.0;

- max {S{a}} =1.0.

Initialialization We use a population with:

e an agent with the a =0,

e all the other agents with random initialized a.
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4.2 K=100, P=10, I=20000

In the Fig. 1 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 7.472 x 10~ L.
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Figure 1: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 2 and are numerically

showed in table I.
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Figure 2: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-Norm
current (£ {J}N (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random seed —

2(e)(f)-

Case o Number of value > ¢34 (z,y) | Number of value < ¢J7™V (z,y) Phase Range Time [s]
Min [deg] | Max [deg]
MN 1.0 899 663 —179.87 179.63
Seed=1 | 7.513 x 107! 756 666 —179.63 179.34 6.26 x 102
Seed=2 | 7.472 x 107! 782 661 —179.77 179.67 6.26 x 102

Table I: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 3 and numerically in table II.
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Figure 3: Magnitude (a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field

(d),
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

| Seed | £ |
1 2.02 x 1073
2 2.18 x 1073

Table II: Integral error of the difference between the original field and the one radiated by the total current.
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4.3 K=100, P=20, I=20000

In the Fig. 4 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 7.074 x 10~ L.
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Figure 4: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 5 and are numerically

showed in table III.
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a b)(d)(f) of the Minimum-Norm
current (£ {J}N (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random seed —

Case o Number of value > ¢34 (z,y) | Number of value < ¢J7™V (z,y) Phase Range Time [s]
Min [deg] | Max [deg]
MN 1.0 899 663 —179.87 179.63
Seed=1 | 7.123 x 107! 784 623 —179.33 179.20 1.36 x 10°
Seed=2 | 7.074 x 107! 748 646 —179.84 179.91 1.30 x 103

Table III: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 6 and numerically in table IV.
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Figure 6: Magnitude (a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field

(d),
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

| Seed | £ |
1 2.22 x 1073
2 2.01 x 1073

Table IV: Integral error of the difference between the original field and the one radiated by the total current.
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4.4 K=100, P=40, I=20000

In the Fig. 7 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 7.005 x 10~!.
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Figure 7: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 8 and are numerically

showed in table V.
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Figure 8: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-Norm
current (£ {J}N (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random seed —

2(e)(f)-

Case [ Number of value> ¢£/IAX (z,y) | Number of value < qﬁf,/”N (z,y) Phase Range Time [s]
Min [deg| | Max [deg]
MN 1.0 899 663 —179.87 179.63
Seed=1 | 7.088 x 10T 731 679 —179.41 179.72 2.64 x 103
Seed=2 | 7.005 x 10! 748 668 —179.81 179.96 2.69 x 10°

Table V: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 9 and numerically in table VI.
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Figure 9: Magnitude (a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field

(d),
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

| Seed | £ |
1 1.95 x 1073
2 1.88 x 1073

Table VI: Integral error of the difference between the original field and the one radiated by the total current.
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4.5 K=200, P=10, I=20000

In the Fig. 10 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=1 and is ® = 7.070 x 10~!.
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Figure 10: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 11 and are numerically

showed in table VII.
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Figure 11: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-
Norm current (£ {J}" (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random

seed = 2(e)(f).

Case [ Number of value > ¢£/IAX (z,y) | Number of value< qﬁf{”N (z,y) Phase Range Time [s]
Min [deg| | Max [deg]
MN 1.0 899 663 —179.87 | 179.63
Seed=1 | 7.070 x 10T 724 683 —179.51 179.27 1.23 x 103
Seed=2 | 7.145 x 1071 749 689 —179.28 179.27 1.23 x 103
Table VII: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 12 and numerically in table VIII.
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a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

Table VIII: Integral error of the difference between the original field and the one radiated by the total current.
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4.6 K=200, P=20, I=20000

In the Fig. 13 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 6.623 x 10~ L.
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Figure 13: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 14 and are numerically

showed in table IX.
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Figure 14: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-
Norm current (£ {J}" (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random
seed = 2(e)(f).

Case o Number of value > ¢34 (z,y) | Number of value < ¢J7™V (z,y) Phase Range Time [s]
Min [deg] | Max [deg]
MN 1.0 899 663 —179.87 179.63
Seed=1 | 6.691 x 1071 757 639 —179.43 179.66 2.45 x 10%
Seed=2 | 6.623 x 107! 745 623 —179.72 179.77 2.45 x 103

Table IX: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 15 and numerically in table X.
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a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

Table X: Integral error of the difference between the original field and the one radiated by the total current.
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4.7 K=200, P=40, I=20000

In the Fig. 16 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=1 and is ® = 6.204 x 10~ L.
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Figure 16: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 17 and are numerically

showed in table XI.
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Figure 17: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-
Norm current (£ {J}" (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random

seed = 2(e)(f).

Case o Number of value > ¢34 (z,y) | Number of value < ¢J7™V (z,y) Phase Range Time [s]
Min [deg] | Max [deg]
MN 1.0 899 663 —179.87 179.63
Seed=1 | 6.204 x 1071 719 594 —179.96 179.54 4.63 x 10°
Seed=2 | 6.307 x 107! 683 648 —179.56 179.63 4.61 x 10°

Table XI: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 18 and numerically in table XII.
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a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

Table XII: Integral error of the difference between the original field and the one radiated by the total current.

ELEDIAQUniTN - DICAM, University of Trento - Student Report

page 26/40



4.8 K=400, P=10, I=20000

In the Fig. 19 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 6.873 x 10~ L.
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Figure 19: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 20 and are numerically

showed in table XIII.
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Figure 20: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-
Norm current (£ {J}" (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random

seed = 2(e)(f).

The verification of the radiated field is showed in Fig. 21 and numerically in table XIV.

Case o Number of value > ¢34 (z,y) | Number of value < ¢J7™V (z,y) Phase Range Time [s]
Min [deg] | Max [deg]
MN 1.0 899 663 —179.87 | 179.63
Seed=1 | 7.004 x 1071 742 670 —179.74 180.00 2.36 x 103
Seed=2 | 6.873 x 107! 736 673 —179.28 178.38 2.33 x 103
Table XIII: Cost Function value and statistics about the result.
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a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

Table XIV: Integral error of the difference between the original field and the one radiated by the total current.
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4.9 K=400, P=20, I=20000

In the Fig. 22 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 6.255 x 10~ L.
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Seed=2 e
2%:/ -
&
©
Z
O 0.4 |
0.2 F |
0 . ‘ ‘
0 5000 10000 15000 20000

Iteration Number, i

Figure 22: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 23 and are numerically

showed in table XV.
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Figure 23: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-
Norm current (£ {J}" (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random

seed = 2(e)(f).

Case o Number of value > ¢34 (z,y) | Number of value < ¢J7™V (z,y) Phase Range Time [s]
Min [deg] | Max [deg]
MN 1.0 899 663 —179.87 | 179.63
Seed=1 | 6.391 x 1071 703 657 —178.88 179.50 4.66 x 103
Seed=2 | 6.255 x 1071 714 641 —178.98 178.82 4.66 x 103
Table XV: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 24 and numerically in table XVI.
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a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

Table XVI: Integral error of the difference between the original field and the one radiated by the total current.
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4.10 K=400, P=40, I=20000

In the Fig. 25 is depicted the behaviour of the Cost Function varying the random seed. The best value of cost

function is achieved by Seed=2 and is ® = 5.960 x 10~ L.
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Figure 25: Cost Function behaviour at different random seed.

At this value of cost function the achieved performance on the Phase are showed in Fig. 26 and are numerically

showed in table XVII.
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Figure 26: Phase (a)(c)(e) and value of the phase out of the minimization range (b)(d)(f) of the Minimum-
Norm current (£ {J}" (z,y)})(a)(b), of the total current for the random seed = 1(c)(d) and for the random

seed = 2(e)(f).

Case [ Number of value > ¢£/IAX (z,y) | Number of value< qﬁf,/”N (z,y) Phase Range Time [s]
Min [deg| | Max [deg]
MN 1.0 899 663 —179.87 179.63
Seed=1 | 6.062 x 10! 686 634 —179.95 178.81 9.36 x 10°
Seed=2 | 5.960 x 10~! 681 608 —179.94 179.54 9.43 x 10°

Table XVII: Cost Function value and statistics about the result.

The verification of the radiated field is showed in Fig. 27 and numerically in table XVIII.
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a)(d), Phase (b)(e) and Magnitude of the difference with respect to the original field
(¢)(f) of the seed=1 (a)(b)(c) and seed=2 (d)(e)(f).

Table XVIII: Integral error of the difference between the original field and the one radiated by the total current.
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4.11 Comparison

In the Fig. 28 is depicted a summary of the behaviour of the cost function at diffenent population and number

of coefficient and seed.

10° 10°
rad e
8 8
5 =3
3 3
o o
1§ 3]
10'1 L L L L lO'l L L L L
10° 10t 102 10° 10* 10° 10° 10* 102 10° 10* 10°
Iteration Number, i Iteration Number, i
P=10 K=100 ———  P=20 K=200 swsssse=: P=40 K=400 P=10 K=100 ———  P=20 K=200 =sssses P=40 K=400
P=20 K=100 ——  P=40 K=200 P=20 K=100 ——  P=40 K=200
P=40 K=100 P=10 K=400 ::weeeeeee P=40 K=100 P=10 K=400 :seereeer
P=10 K=200 =-s-sss: P=20 K=400 P=10 K=200 =s=ssas= P=20 K=400 e

(a) (0)

Figure 28: Cost Function behaviour at different population and number of coefficient for Seed=1(a) and
Seed=2(b).

Observations:

e The cost function is lower for the test cases that involve the higher number of coefficient and the higher

population;

e In Fig. 28(b) it is shown (for the case P=40, K=400) that the cost function is still decreasing, so we

propose to repeat the test cases increasing the maximum number of iteration to I = 10°.
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